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PREFACE
The limiting expressions derived by Onsager were 
applied to the problem of single ion diffusion by Gosting and 
Harned in 1951. At the same time these authors have pointed out 
the need and significance of testing the validity of the Onsager 
limiting law. In the discussions of the Faraday Society in 1957, 
Ilarned has once again stressed the need for this work. Here he
says, 11 ..... a more exact proof of the validity of the
limiting equation offers a difficult challange to the experimenter 
since precise results at concentrations less than 0.01 M will be 
required.” However, these important suggestions had to await 
the steady advance of the improvements in techniques leading to 
ever increasing precision in the measurement of the self-diffusion 
coefficients.
Before the author took up this investigation, it was 
known from the work especially of Mills and Mills and Kennedy 
that the measured values of the self-diffusion coefficients show 
a marked tendency to converge towards the Onsager limiting slopes. 
The best precision available at that time was, however, clearly
ubhary V'
iii
unsatisfactory for the purpose of actually testing the Onsager 
limiting law.
The author has, therefore, endeavoured to develop a 
more precise method on the basis of ideas expressed earlier by 
Mills. Consequently the major part of the present research 
programme was devoted to the development of a satisfactory method 
of measuring self-diffusion coefficients. Considerable attention 
was given to the calibration of the apparatus before using the 
same for testing the limiting law. Finally, the thesis incorpo­
rates the results of an investigation aimed at testing the 
validity of the Onsager limiting law.
The author welcomes this opportunity to express his 
indebtedness to Dr. R. Mills for suggesting the general line of 
attack, for his helpful criticisms and for his encouragement 
throughout this work.
Grateful thanks are due also to the Australian National 
University for the award of a research scholarship as well as the 
research facilities made available in the Department of Radioche­
mistry of the School of Physical Sciences.
The thesis incorporates an original investigation and 
the entire experimental work was carried out by the author without 
assistance. Two papers have been published on this work and a 
further one is under preparation.
Author1s thanks are due also to Dr. F.C. Barker of the 
Department of Theoretical Physics for a derivation of an equation 
included in the Appendix.
iv
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INTRODUCTION
Consider a uniform aqueous solution of sodium chloride*
The Na+ and Cl ions (so also the water molecules whose motion may 
not be considered here) would be moving about in a strictly random 
manner, within the solution, in a series of successive jumps* The 
average length of such jumps or their frequency would be characteri­
stic of each ion. This motion of ions constitutes true self- 
diffusion* However, it is obvious that such a process can never 
be detected because the ions, in general, would be indistingui­
shable* An approximation of this process may be realized in the 
inter-diffusion of two isotopic species*
The term contributed by the entropy of mixing (to the 
free energy of mixing) is the essential driving force for the above 
process of self-diffusion. The relation is:
A  S(mi*ing) - - H <NllnNl + N2lnN2) <»>
Nj and Ng being the mole fractions of the two isotopic species*
A very similar process occurs when an ion of one kind, in 
vanishingly small amounts, diffuses in a large excess of another
2electrolyte. This process is called tracer-diffusion or trace- 
diffusion. The diffusion of Na* ion in a uniform solution of NaCl 
is an example of self-diffusion, whereas that of Na+in KC1 is an 
example of tracer-diffusion. Salt-diffusion, on the other hand is 
the term chosen to describe the process in which a molecule 
diffuses from a solution at higher concentration into that at a 
lower concentration.
According to the modern views, the gradient of chemical
potential in the solution, (which has the dimensions of a force
per unit quantity of solute) is treated as the force producing
diffusion. This view was suggested by Hartley* and independently
2 3by Onsager and Fuoss*-. Nernst , however, considered osmotic 
pressure as the driving force in diffusion.
In salt-diffusion, the resultant speeds of both the ions 
are equal. This situation leads to a preservation of the symmetry 
of the ionic atmospheres and hence the relaxation effect in salt- 
diffusion is negligible. However, since the electrolyte moves in 
one direction and the solvent in the opposite direction, the 
electrophoretic effect plays an important role in salt-diffusion. 
In the case of single ion diffusion, the tracer ion is not tied to 
the oppositely charged ion and thus the relaxation effect becomes 
important. The electrophoretic effect is, however, negligible
3since the concentration of the radioactive ion is extremely low. 
In the case of conductance in electrolyte solutions both these 
effects operate at the same time.
Fundamental Equations of diffusion
Experimental studies of diffusion were not undertaken until after
4the publication of the theoretical work of Fick . To illustrate 
Fick’s laws, we will consider a single phase region of a well-defined 
state in which diffusion occurs only in one direction. A diffusion 
process which satisfies these conditions is that which occurs in 
a vertical column of uniform cross section. For such a system 
Pick's law states that
J 35 D £> C
ä x (2)
The flux J is proportional to the concentration gradient. The 
factor D, known as the diffusion coefficient is introduced as a 
proportionality factor. It has the dimensions of 1 /time and is 
expressed in square centimetres per second. The negative sign is 
introduced in order to make D a positive quantity. This law is 
similar in form to the Fourier's law for heat flow which is 
proportional to the temperature gradient and to Ohm’s law for the 
electric current flow which is proportional to the gradient of 
electrical potential. The fact that the diffusivity of liquid
\ library
4and solid solutions may vary widely with composition, was not 
fully realized until considerably later.
that the rate of accumulation of the diffusible substance in a 
given volume element is the difference between the inward and 
outward flux.
The partial differential in the above equation appears because C, 
in general, depends upon time as well as distance.
In general, the steady-state methods are those based on the equation 
j _ _ D ^ C } where the concentration gradient does not vary with
d x
time. In the other group of methods, the concentration gradient 
varies with time and hence these methods employ a suitable solution
Fick*s second law is derived from the first by considering
Flux 1
Flux 2
Flux 1 - Flux 2
(3)
Methods of Measuring Self-diffusion Coefficients
5 ^ cof the partial differential equation viz., D ^
” Ö * 2
In the following is given a brief account of the three significant 
methods of measuring self-diffusion coefficients. These are:
(i) The Diaphragm Cell method and Finite Concentration method 
(II) Anderson and Saddington Open-ended Capillary method- 
(a) without stirring, (b) with stirring 
(ill) Free Diffusion method
(I) Diaphragm Cell method
gThis method was introduced by Northrop and Anson and modified
6 7 8subsequently by McBain , Hartley and Stokes • The diffusion 
process is confined to the capillary pores of a sintered glass 
diaphragm, thereby eliminating the disturbing effects of vibration 
and temperature fluctuations. Several forms of stirring have been
gemployed by different workers. However, Stokes has pointed out 
the inadequacy of the various forms of stirring used by the earlier 
workers and has developed the technique of magnetically stirring 
the diaphragm cell. The magnetic method is a notable improvement 
and by far the most satisfactory method of stirring.
The optimum pore diameter is about 15 micron. However,
since the true length and cross-section of the diaphragm pores
6cannot be measured, the effective average value (cell constant) 
has to be determined by calibration. The cell constant may be 
determined by using KC1 or NaCl solutions and the known values of
data have been employed for cell calibration. An interesting point 
about the diaphragm cell technique is that above a moderate 
threshold rate (about 20 r.p.m.) the cell calibration is
and C^, Cg and Cg, represent the concentrations at the beginning
and at the end of the run. The suffixes 1 and 3 are for the lower 
compartment and 2 and 4 for the upper compartment. The volumes 
of the upper and lower compartments are denoted by Vj and V£ 
respectively. Unless the concentrations in the upper and lower 
compartments are equal, the diaphragm cell gives values of the 
integral diffusion coefficient. The method of obtaining the 
differential diffusion coefficient from the integral diffusion 
coefficient (ü) ^as bean discussed by Stokes^,
9 8 34the diffusion coefficients. Clack’s , Stoke’s or Gosting's
independent of the rate of stirring. The following equation' 
is used to determine the cell constant p •
56
I) = ---- m  -------f> T C3 - C4 (4)
where J _  +V, 1 (A/1)
L
7The diaphragm cell method gives reliable results in the 
higher concentration range and a precision of + 0.2 to 0,3$ in
the value of D is easily obtained. However, the diaphragm has a
rather large internal area which may be of the order of a square
metre or so. As a result of this, the adsorption effects become
significant below 0.05 M and the diaphragm cell gives higher
results. The error increases with further dilution and may be
as much as 2$ at 0,01 M. This effect is attributable to the role
of the electrical double layer on the pore walls. The double
layer is most compact at higher concentrations and makes a
negligible contribution to the total transport. However, it
occupies a larger proportion of the capillary cross-section in
more dilute solutions, and makes a significant contribution to the
transport process. Consequently, the diaphragm cell cannot be
used for work in the lower concentration region and is quite
unsatisfactory for the purpose of testing the Onsager law. An
excellent account of the diaphragm cell method has been given by
56Robinson and Stokes .
An interesting development which enables measurement 
of tracer-diffusion coefficients without making use of radioactive 
isotopes, is the finite concentration method reported by Stokes, 
Woolf and Mills**. To illustrate this method, the diffusion of 
KI in 1 molar KC1 may be considered. To a portion of the 1 molar
8stock solution is added enough KI to give a solution of 0,1 M in 
iodide. This solution is used to fill the lower compartment of the 
diaphragm cell; the upper compartment being filled with 1 M KC1,
At the end of the run, the solutions of the two compartments are 
chemically analysed and DI is calculated by the usual method. The 
process is repeated to cover the iodide concentration range of 
0,01 to 0,1 M, The diffusion coefficients so obtained are then 
extrapolated to zero concentration; the limiting value being 
considered as the tracer-diffusion coefficient of I in 1 M KC1,
The above method which enables the determination of 
tracer-diffusion coefficients, has been successfully employed for 
the measurement of Dl~ in alkali chloride solutions. The results 
compare well with those obtained by the capillary method employing 
radioactive isotopes. The above chemical method has a precision 
of + 0.2 to 0,4%,
(II) The Open-ended Capillary method
12This method was developed by Anderson and Saddington in 1949, 
Since then it has been modified by a series of significant 
improvements due to Wang*4, Mills*4 and Mills and Godbole*’^5^  .
A uniform capillary tube of known length and sealed at 
one end is charged with the tracer solution and immersed in an
9inactive solution of the same concentration, Diffusion is allowed 
to proceed for a definite length of time from three to five days. 
At the end of the run, the radioactive contents of the capillary
are analysed and compared with the initial amount. Fick*s partial
C ^differential equation namely, = D ----—
c) 3:
the appropriate boundary conditions as follows:
is solved for
For a one-dimensional diffusion problem, the solutions 
must be of the form
C = b. exp( - K2Dt)(Fx) 
where K and b are constants.
The boundary conditions for a tube closed at x = 0 and 
open at x = 1 are
At t = 0, C = Co for l)>x)>0, and C = 0 for x )> 1,
In other words, at the commencement of the experiment the capillary 
is filled with a solution of uniform activity; the concentration 
at the open end being held at zero.
At ty 0, C = 0 at x = 1 and 
These conditions are satisfied if
 ^C
bt = 0 at x a* ö
(-S&M-rr
and F(x) is a sine or cosine function and (n = 0,1,2 etc.) 
The following solution can then be obtained.
K■?**UM*LIBRARY V;
10
r)z&o
Bn exp -lT2(2n+l)2 Dt/412 Cos TT (2n+l)x
Yl-C
The coefficients Bn are obtained by Fourier analysis' and given by
Bn = (-l)n 4CoTT(2n+l)
Inserting this value of Bn in the above equation we obtain
C:
"n ;o0
0 = 0
(-T IT (2n+l) exp - n 2(2n+l)2l)t/4l2
Cos TT (2n+l)x (5)
This equation gives only the concentration at a point along the 
length of the capillary at any time t. The average concentration 
Cav in the tube at time t is given by integration of the above.
Cav Cx dx
The final equation is
ri;oO
Cav
TT2 (2n+l)2
exp -II 2(2n+l)2
'0=0
This solution enables calculation of D, the self-diffusion 
coefficient, from the measured values of Cav, Co, t and 1.
(6)
11
It is clear that the boundary conditions required to 
obtain this solution imply that the concentration of the tracer, 
at the open end of the capillary, should be effectively zero, This 
necessitates some form of stirring.
Two schools of opinion exist as to the necessity of
12stirring the reservoir solution. Anderson and Saddington , in 
their original design of the capillary method, have not stirred the 
reservoir solution. Others who have not employed any stirring are 
Burke11 and Spinks*Haycock, et al.,*^ and Krauss and Spinks*^. 
However, it is apparent that at least in the study of self­
diffusion, a suitable form of stirring is absolutely necessary.
The effect of rapid or turbulent stirring (the "Al" effect) has
27 19been discussed by Wang and Mills and Kennedy ° who have followed 
the method of stirring the reservoir solution. They had chosen 
an arbitrary speed of 100 r.p.ro, at which the " Al" effect was 
apparently negligible.
In realizing the need for a streamlined flow over the
14open end of the capillary, Mills went a step ahead in the 
improvement of the capillary method. He designed an apparatus 
in which a streamlined fluid flow could be maintained over the 
open end of the capillary, at any desired fluid velocity. It 
may be pointed out that this method has a precision of + 0,8%
12
which is clearly better than that of Wang*s method in which it is
+ 2 ?o.
The capillary tube method as used by all the above workers
involves comparison of the initial activity in the tube with that
at the end of the run. Although, it is possible to have a number
of capillaries in the same reservoir, each capillary gives a
single value of the diffusion coefficient. An innovation of this
method consists in continuously recording the activity in the
tube at various times during the course of a single run, thereby
obtaining a series of values of the diffusion coefficient. This
method was proposed by Mills and worked out by the author as a
problem of this thesis. The experimental technique and some
measurements of DNa* in NaCl solutions have been reported by Mills 
15and Godbole . This method has a precision of the order of + 0,18/S. 
in the value of D.
The initial activity Co in all the above methods has to
be determined experimentally by filling the capillary with the
tracer solution and counting it. However, the precision of the
experimental determinations of Co was not, in general, very
satisfactory and it was, therefore, desired to eliminate the need
for such measurements. This object was achieved subsequently and
20reported by Mills and Godbole The technique is based on
calculating the slope of the line obtained by plotting the
13
logarithm of the average activity in the tube, Cav, measured at
equally spaced intervals of time, against time. This method is
15simpler in manipulation than the original one reported earlier , 
and has a better precision. Calculations have shown that the 
gradient correction, obtained by graphically evaluating a compli­
cated integral, becomes insignificant in this modified technique.
(ill) Free Diffusion
21The method employed by Wang and Kennedy of free diffusion in wide 
(0.1 cm) tubes is theoretically straightforward. In practice, 
diffusion takes place in a capillary, practically infinite in 
length so that at the closed end, the change in concentration 
during the diffusion run is negligible. A solution of the 
differential equation viz.,
TT i>2, is obtained for the
appropriate boundary conditions. If the errors arising due to 
vibrational and thermal convection could be minimized, this method 
should give reliable results. The authors state that the average 
error in the value of D is + 1%»
14
A Review of Literature on the Measurements of 
Self-diffusion coefficients
Early work on diaphragm cells did not incorporate any kind of
22stirring. For instance, Adamson used unstirred diaphragm cells 
to measure the seif-diffusion coefficients of Na* in sodium iodide 
solutions, lie obtained a limiting value about 1% higher than the 
Nernst limiting value.
23Adamson, Cobble and Nielsen4"' used diaphragm cells 
suspended horizontally and rotated about the central axis; the 
direction of rotation being changed every half-minute. They 
determined the self-diffusion coefficients of Na+ in NaCl at 25° 
and 30°C and obtained a limiting value some 30$ higher than the 
theoretical value. The large error is attributable to a rather
24incorrect use of the diaphragm cell. Huizenga, Gringer and Wall 
used a continuously rotated but unthermostated diaphragm cell to 
determine the self-diffusion coefficients of Na+ in polyacrylic 
acid-sodium hydroxide mixtures. They had chosen a concentration 
range of 0.04 M to 0.01 M where the diaphragm cell has been 
shown^ to give erroneous results.
21Wang and Kennedy who developed the free diffusion 
technique studied the self-diffusion of Na+ and I in Nal, in the 
concentration range of 0.01 M to 4 M. The plot of DI against
15
4 C gave  a  sm oo th  c u r v e .  The l i m i t i n g  v a l u e ,  o b t a i n e d  by e x t r a ­
p o l a t i o n ,  a g r e e d  w e l l  w i t h  t h e  N e r n s t  l i m i t i n g  v a l u e .  The 
o b s e r v e d  l i m i t i n g  v a l u e  f o r  DNa+ w a s ,  h o w e v e r ,  h i g h e r  by 7 %.
I n  1950 ,  a c r i t i c a l  e v a l u a t i o n  o f  t h e  l i m i t a t i o n s  and  
e x p e r i m e n t a l  t e c h n i q u e s  o f  t h e  d i a p h r a g m  c e l l  m e thod  was made by
g
S t o k e s  • A s u i t a b l e  m a g n e t i c  m e th o d  o f  s t i r r i n g  was d e v e l o p e d  and 
t h i s  m e thod  has  b e e n  g e n e r a l l y  em p loyed  s i n c e  t h e n .  T h i s  
im p ro v e m e n t  o f  t h e  d i a p h r a g m  c e l l  t e c h n i q u e  was f o l l o w e d  by an 
e q u a l l y  s i g n i f i c a n t  p u b l i c a t i o n  by  G o s t i n g  and H a rn e d   ^ who 
e x p r e s s e d  t h e  G n s a g e r  l i m i t i n g  law *^  i n  a  more p r a c t i c a l  f o r m  and 
t h u s  e n a b l e d  i t s  a p p l i c a t i o n  t o  t h e  e x p e r i m e n t a l  i n v e s t i g a t i o n s  
o f  s e l f - d i f f u s i o n .  O n s a g e r  d e r i v e d  an e x p r e s s i o n  f o r  t h e  
d i f f u s i o n  o f  one k i n d  o f  i o n s  p r e s e n t  i n  s m a l l  c o n c e n t r a t i o n s  i n  
an  e l e c t r o l y t e  s o l u t i o n  o f  o t h e r w i s e  n e a r l y  c o n s t a n t  c o i u p o s i t i o n .  
F o r  t h i s  c a s e  ( i )  t h e  a c t i v i t y  c o e f f i c i e n t  i s  p r a c t i c a l l y  
c o n s t a n t ,  ( i i )  t h e  d i f f u s i o n  p o t e n t i a l  i s  s m a l l ,  ( i i i )  t h e  
e l e c t r o p h o r e t i c  e f f e c t  i s  n e g l i g i b l e  and  ( i v )  t h e  r e l a x a t i o n  
e f f e c t  c a n  be c o m p u t e d .  The 0 n 3 a g e r  l i m i t i n g  law f o r  t h e  
d i f f u s i o n  c o e f f i c i e n t  Dj o f  t h e  j t h  i o n  whose  t r a n s f e r e n c e  number
i s  s m a l l  i s
5?- 0 - J^v) ( ? )
w h e re  £ i s  t h e  d i e l e c t r i c  c o n s t a n t ,  K t h e  g a s  c o n s t a n t  p e r
16
molecule and T the absolute temperature.
Gosting and Harned have shown that the above limiting 
lav/ can in fact be applied to the case of self-diffusion. The 
function d((jJj) depends on the mobilities and valencies of the 
various ions present and is defined by the following equations. 
Using the notation of Gosting and Harned
i
ti = n^efcOi/A (lO)
K 2 ss
4 rr P
t KT (11)
niei (12)
where
\  is the conductance function
k is the inverse mean radius of the ionic atmosphere
17
1 is the concentration function
ej is the ionic charge
nj represents the number of molecules per unit volume
tj is the transference number
u)i is the mobility in cm/sec under a potential
gradient of 1 dyne/cm/molecule
The above equations relate d(COj), \ , k and J""' to e^, n^, tj and 
uO j of each ion in terms of summations over the i-ions present.
Equation (7) is further simplified by introducing the 
limiting ionic conductances ( A°i° 00* ^i ) in place of 60 j 
and Ci in moles/litre in place of n^.
Thus
A-RT
Z-i P
x 10-T- ASlz■j I £ i  1  I V e _ nJ I Jt  x  10 d
3 t
4TT 
1000 e RT iVd^d]yr (i3>
where
v is the velocity of light
e is the electronic charge
R is the gas constant per mole
ZjJ is the magnitude of the valency of the jth ion and
F is the Faraday
Equation (8) reduces to
d( Wj) Cj|Zj| A j  _
( A°/1zjI +  A i / | z i | )
(14)
and (15)
When only three kinds of ions are present, viz., the ions 2 and 3 
of the supporting electrolyte and 1 the tracer species, the 
definition of d ^  becomes
1 Z2 1 A 2
Zll^ 2 +|Z2| A?
+
I Zl| A 3 + IZ31 A ? /
(C^ is negligibly small and Cg |Zg| = ^3 | 1  )
For the case of self-diffusion, jZjJ = jzgj and /\^  = ^ 2 , 
because the ionic conductances of the stable ion and the 
radioactive ion are practically identical. For the case of 1:1 
electrolytes where IZ^ | = IZgl = |z^ | = 1
d(C01) AS* 8 AS
4 ( ^ 2  + A3)
(17)
o
1 4 8ta 
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where 2 is the stable isotopic form of the radioactive species 1.
For aqueous solutions of 1:1 electrolytes at 25°C the Onsager 
limiting law takes the following simple form.
1 - 0.7816 (l - /d(U) )) Jc (18)
the limiting value D*- is given by the Nernst limiting expressionJ
KTX“
pO = ---■— —  (r in joule/mole/deg.) (l9)I zilF
26Nielsen, Adamson and Cobble employed a modification 
of the magnetic method of Stokes and measured the self-diffusion 
coefficients of Na+ and Cl in NaCl and SO4 in Na2S0^. Their
results show little similarity with those obtained later by
27 28 35Wang*"“ 1 and separately by Mills and Adamson1 .
20
13 27Wang * adopted the capillary tube method of Anderson 
and saddington and developed a device (rotating paddle) for 
agitating the bath solution. The self-diffusion coefficients of 
Na+ in KC1 were determined with a precision of + 1 to 2%. The 
experimental results showed a marked agreement with the limiting 
law values in the very dilute region. The plot of DNa+ against 
J c  showed a maximum at 1.5 An attempt to explain the observed
maximum was also made. The influence of turbulent stirring was 
discussed in terms of the M^ 1 M effect which in turn means an 
effective lengthening or shortening of the capillary length 
depending upon whether the stirring rate is lower or higher than
the optimum value. Further studies of self-diffusion of Na and
—  28 Cl in NaCl were reported by Wang and Miller . The results for
Na+ showed a peak at 0.3 M, whereas those for Cl" did not show
a similar miximum. The overall error of this investigation was
262% and the results did not agree with those of Nielsen et al •
19Mills and Kennedy ' investigated the self-diffusion
coefficients of I , K+ and Rb+ in a series of metal iodides of
moderate to high concentration. For this work they employed
13the open-ended capillary technique developed by Wang . The 
plots of D>i/^  v. /"c" extrapolated satisfactorily to the 
Nernst limiting value for I~and Rb in Rbl. These plots
showed clearly the important role played by the bulk viscosity of
the solution. Regarding the constancy of the product D>] /Vj<? ,
a suggestion was made earlier by Burkell and Spinks*^. Mills and
Kennedy plotted D*} 0 values against the function y/ C/l+Ba y/c
57 ousing the values of Harned and Owen for the parameter a.
Significantly enough the results for the self-diffusion of iodide
ion in iodides of K, Na, Rb, H and Li fall on a smooth curve with
19an overall error of 2%. A critical analysis was made " of the 
possible sources of error in the open-ended capillary method.
These sources include the influence of factors such as stirring 
rate, mechanical mixing, density differences, ion adsorption, 
concentration gradients and pH differences. Regarding the last 
it was shown that so long as the tracer and bath solutions had 
the same pH the diffusion coefficients were not noticeably affected 
by the actual pH value viz., 5 or 7. The authors have,therefore, 
not included degassing in their procedure and have recommended 
that if degassing is practised, both the tracer and bath solutions 
should undergo similar treatment.
A remark may now be made about the aforementioned 
attempts by the various workers to extrapolate the observed 
results to the Nernst limiting value. It is questionable whether 
such an extrapolation of the results is justifiable in absence 
of data which have either a reasonable precision and/or a wide
22
range in the very dilute region.
Another theoretical approach to the problem of self 
30diffusion is due to Adamson based on the kinetic theory of
theory concept of the liquid state which describes diffusion as a
process in which molecules move from a given position into an
adjacent hole in the liquid medium. According to this theory
the diffusional flow arises as a statistical consequence of the
Brownian motion. Each jump is considered as an activated process
of frequency given by the absolute rate theory; the jump length
being related to the size of the solvent and solute molecules.
30On the basis of this concept Adamson has derived the following 
expression for the concentration dependence of the self-diffusion 
coefficients viz,,
58Eyring • The development of this theory is based on the hole
I) = D % 1
vo20.386 A C (20)
(a + ^°)(l+ K a)
where
is the activated jump = 3Ä
is the mean distance of approach of ionsa
o Va same in Angstr'om units
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Adamson pointed out the inadequacy of the earlier
experimental results for the purpose of testing the limiting law
particularly the lack of agreement between the results obtained
by different experimental methods. In order to discover the cause
of this discrepancy, between the results obtained by diaphragm
35cell and capillary tube methods, Mills and Adamson repeated the 
investigations on the system Na+ in NaCl. This time, no peaks 
were obtained in the plots of 1) v. The results of Nielsen^
2i 28et ai., Wang and Kennedy and Wang and Miller were shown to be 
in error, attributable to incorrect experimental procedure. The 
high values obtained by Wang were attributed to convectional 
losses. The authors suggested that cell constant determination 
was the probable source of error in the diaphragm cell work and 
a lack of calibration procedure was a significant cause of error 
in the open-ended capillary method. The results of Friedman 
and Kennedy^^ obtained with the capillary tube method for K
mm ^ mmCs , Cl in KC1 and Cs and I in cesium iodide would appear 
to be erroneous if subjected to the above scrutiny.
14With the new apparatus, Mills redetermined the self­
diffusion coefficients of Na+ in NaCl solutions over a range of 
concentrations from 0.02 M to 4 M. Similar investigation was 
carried out with the diaphragm cells. The results obtained by 
the two methods showed, for the first time, an agreement which
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was entirely satisfactory. Work in the very dilute region was,
however, not attempted because of the inadequacy of diaphragm
cells for such work. This investigation failed to show a linear
relation between DY]/nc and J~Z reported earlier by Mills and 
19Kennedy ' in the case of unhydrated ions.
Further studies of the self-diffusion coefficients of
•f 33Na in potassium chloride solutions were made by Mills^ • This
work carried out with the capillary method as well as the diaphragm
method, did not show any maximum which was observed earlier by 
27Wang"' . The high maximum observed by Wang was thought to be due
to too rapid or turbulent stirring of the reservoir solution.
A reference may now be made to the notable results
obtained by Stokes, Woolf and Mills*1 on the measurements of the
self-diffusion coefficients of I in alkali chloride solutions.
This is the very first publiccition which shows a remarkable 
agreement between the results of independent workers who employed 
different methods of investigation. Of the above authors, Stokes 
and Woolf employed the ‘chemical’ method (cf. p,y ) and Mills 
used the radioactive tracer method. Both of them, however, used 
the magnetically stirred diaphragm cell. The values of DI 
measured over a range of 0.1 M to 4 M  and plotted against J~C 
fell on a smooth curve, and were capable of being extrapolated
25
satisfactorily to the Nernst limiting values. The experimental 
curves showed, however, little relation to the limiting slopes; 
the observed values being appreciably higher than those theoreti-
Before the author took up this investigation, the
14precision obtainable by the open-ended capillary method was 
+ 0,8$. This was clearly not satisfactory for the purpose of 
testing the Onsager limiting law. The diaphragm method, although 
capable of giving precise results in concentrated solutions, was 
quite unsatisfactory for work in the dilute region due to the 
adsorption effects. However, these effects were negligibly small 
in the capillary method because of the low surface-area to volume 
ratio associated with the capillary. It was, therefore, desired 
to improve the precision of the capillary method so as to make 
it adaptable to the study of self-diffusion in dilute electrolyte
cally predicted» It was suggested that terms like
could replace the s/c of the Onsager
limiting law. The plots against however,
much closer together than the corresponding plots for D , J  C,
solutions
EXPERIMENTAL
1• Description of the continual monitoring diffusion 
apparatus
The diagram of the apparatus is shown in Fig, 1, The outer tank 
made of 0.1 cm thick copper sheet had the dimensions of 12.7 x 
18.4 x 24.1 cm. The inner walls of the tank were lined with a 
0,41 cm Perspex shell. The tank was flanged at the top so as to 
take a brass lid lined with rubber on the underside. The brass 
lid when screwed on to the lower tank made a light-tight seal.
The photomultiplier was housed in a threaded tubular section of 
brass incorporated in the lid. The propeller and the shaft were 
made of stainless steel. The shaft was supported by two collars 
and a bearing housed in the cover.
A Pamelon plastic scintillator (3.8 cm in diameter) was 
used as a detector. It was enclosed on three sides by a lead cup 
1 cm thick at the sides and 2 cm thick at the base. This lead 
shield was totally encased in thin stainless steel which was well 
polished in order to provide some reflection of light pulses.
The whole detector assembly rested on a Perspex sheet (a ) and was
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FIGURE 1
EXPLODED VIEW OF THE DIFFUSION APPARATUS 
(a ) Dividing Sheet and Grating
(B) Grating
/ *=?'
held in position by four stainless steel rods (cf. Fig* l). The 
Perspex sheet (a ) divided the tank into two unequal compartments*
The smaller one included a grating (B) which was placed hori­
zontally. A similar grating but placed vertically was incorporated 
in the lower section of the Perspex sheet (A). The propeller 
(approximately 3 cm in diameter) was situated in the smaller 
compartment and below the grating (B)* An essential feature of 
this apparatus was that the electrolyte solutions came in contact 
only with stainless steel, Perspex and the detector* The diffusion 
tank was placed in a water thermostat bath maintained at 25.00 
+ 0.01°C* The capillaries were cut from precision bore tubing 
and had O.D. and I.D. dimensions of 0.6 and 0.05 cm respectively. 
They were cut to the desired length and ground optically flat at the 
Mt. Stromlo observatory. The length of each capillary was 
measured with a micrometer. One end of the capillary was sealed 
carefully and the closed end was also made as flat as possible.
The capillary was enclosed in a thin stainless steel tube which 
in turn was fitted in a cylindrical hole drilled through the 
plastic scintillator. The chosen length of the capillary was 
close to 2 cm. Accordingly the whole detector assembly was 
machined to fit this length and was thus aligned to be flush with
the open end of the capillary. In the original design of the
15apparatus reported by Mills and Godbole , the liquid level was 
kept 7 mm above the scintillator face and the window of the
photomultiplier was immersed below the liquid level to within 
4 mm of its face. This arrangement was modified later to meet the 
flow rate requirements. In the modified arrangement, the liquid 
level was maintained at 5 mm above the scintillator face and the 
photomultiplier was kept to within 3 mm of the liquid level but 
without touching the latter.
15In the earlier design an external standard source of 
(the same isotope as that used as a tracer) was employed to correct 
for the fluctuations in the counting rates caused by factors such 
as (i) the E.H.T. voltage fluctuations and (ii) the tube tempera­
ture fluctuations. A standard well of stainless steel was 
incorporated in the brass lid. The standard source was counted 
before and after each measurement. The net standard count needed 
for correction was obtained by subtracting the capillary count 
measured at that time. In the modified assembly, a photomultiplier 
a replica of the main tube, run in parallel on a common stabilized 
power unit, was employed as an alternative device to correct for
variations in counter-efficiency. A plastic scintillator enclosing 
22a Na source was sealed to the photomultiplier. The assembly was 
enclosed in a brass cylinder and kept in the bath alongside of the 
diffusion apparatus. The propeller was coupled to a Citenco 
induction geared motor (Type FA) through appropriate gears. The 
various compartments and gratings of the diffusion apparatus were
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so designed as to give a streamlined flow over the open end of the
capillary* The principle of the design was the same as that
14described by Mills . The flow rates were measured by following 
the movement of droplets of a suitable mixture of benzene and 
carbon tetrachloride adjusted to match the density of the 
reservoir solutions* The time of transit of the droplets across 
a given length was measured with a chronometer* Flow rates in 
the range of 0 to 8 mrn/sec could be obtained easily by varying 
the r.p*m. of the propeller. In the studies dealing with the 
influence of flow rates on the self-diffusion coefficient, a 
variable speed Citenco motor (Type K) was used*
2* Counting equipment
The photomultipliers used in this work were E.M.I. type 6097 F 
and 6097 B. The E.H*T. voltage for both the photomultipliers was 
obtained from a stabilized power pack (Austronic Engineering 
Laboratories) run on a constant voltage transformer (Advance 
Components Ltd.). The preamplifier of each tube was of I.D.L* 
make. With the help of a switch, the output of either of the 
multiplier phototubes could be coupled to an amplifier and then 
to a scaler. A Dynatron make timer was used as a timing device.
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The photomultipliers showed a slight temperature 
37sensitivity although their metallic casings were partially 
immersed in the thermostated water bath. To minimize the 
disturbing effects of room temperature fluctuations, the exposed 
portions of the metallic casings of the phototubes were covered 
with Polythene sheets.
3. Operating Voltage
The choice of the optimum operating voltage is a very significant
factor in work involving scintillation counters. Unlike the G-M
counter, the photomultiplier does not possess a plateau in the
plot of integral count rate against V, the photomultiplier voltage.
One could, however, obtain a ‘derived plateau curve* even with
the photomultiplier. An excellent account of the method of
obtaining these derived plateaus has been recently given by
29Engstrom and Weaver • In the present work, however, a pulse
22height spectrum of Na was studied with the help of a single
channel analyser and/or a, multi-channel pulse height analyser, at
various photomultiplier voltages in the range of 900-1800 volts.
For this purpose, the output of the scintillation counter was fed
to the multi-channel unit after adequate amplification. The pulse
22height spectrum of Na enclosed in a plastic scintillator is 
shown in Fig.10. The integral counting rate v. discriminator bias
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voltage curve is shown in Fig, 12 • As evidenced by the spectrum
in Fig, 10 it was not possible to employ the low energy radiation 
22of Na for the purpose of counting. At low bias voltage where 
the low energy peak should appear, the statistics of counting was 
very poor. The discriminator bias voltage was, therefore, so set 
as to cut off the pulses due to the low energy radiation. Using 
an E.H.T, voltage of 1800 volts and a discriminator bias voltage 
of 18,5 volts the counting statistics was found to be satisfactory 
for the purpose of the present work,
4, Purification of sodium chloride
Analar grade sodium chloride was further purified by a method
38described by Dunlop and Gosting • A saturated solution of NaCl 
was prepared in conductivity water. Dry HC1 gas was passed 
through this solution and NaCl was precipitated. The precipitated 
salt was dried and then fused in a clean platinum crucible. The 
dried salt was then transferred to an agate mortar, powdered and 
stored. Dilute solutions of NaCl required in the present work 
were made from the aforementioned purified salt.
5. Preparation of labelled solutions
22For most of the work Na*“ , obtained as a carrier-free product from
22Radiochemical Centre Amersham, was used as a tracer. When Na
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(Nuclear Science & Engineering Corporation) arrived as a solution 
in HC1, the latter was carefully evaporated in a silica crucible 
under an infra-red lamp. The general procedure adopted for making 
up the tracer solution was as follows. A drop (0.02-0.05 ml) of the 
stock tracer was first evaporated to dryness in a clean bottle. 
About 1.8 ml to 2.5 ml of the reservoir solution were added to the 
well cooled bottle and after shaking, the contents were transferred 
to the conductivity cell. A Perspex lid carrying a glass stirrer 
and a fine pipette was then placed on the cell and the latter was 
thermostated. The cell resistance was brought close to the 
required value by adding a small drop or two of water and stirring 
the contents of the cell gently. The final measurement of the 
cell resistance at various frequencies was made after allowing 
the cell to stand in the oil bath for a further period of 10-15 
minutes since the addition of the extra drop of water. (Details 
of the conductance method are given on p.33).
The tracer solution of known concentration was then 
transferred to a clean bottle stoppered and stored in a thermos 
flask. The stopper of the tracer-containing bottle carried a 
Polythene sleeve of correct size. The use of this sleeve 
eliminated the need of applying grease to the stopper. Stored 
as above, the concentration of the tracer solution did not change 
noticeably for several days. However, the interval between the
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preparation of the tracer and the commencement of the diffusion 
run was very rarely more than fourteen hours. Nevertheless, when 
it exceeded this period, the concentration of the tracer was 
redetermined.
In the study of the tracer-diffusion of I in NaCl, the
131radioisotope employed was I • This was obtained as a carrier-
39free product from Amersham. However, Mills had earlier noticed
that this material did not give satisfactory results when used
directly, due to the attachment of I ions presumably to dust
particles. To overcome this difficulty a small crystal of Nal was
added as a carrier to the stock tracer and stored for eight days
before use. During this period the exchange between the added
carrier and the dust bearing I ions was perhaps complete. In
other details, the procedure for making up the tracer solution
22was the same as that described for Na •
6, Conductance measurements
Conductivity water was obtained from a deionizer (Elga Product) 
fitted with a purity meter. The quality of this water as checked 
by the conductivity bridge, was found to be better than that of 
heat distilled water. Satisfactory results were obtained by 
controlling the flow of distilled water over the exchange cartridge
34
and discarding the early portions of the effluent, A typical set 
of measurements of the conductance of -«rater over a period of 78 
hours is recorded in Table 1,
TABLE 1
Time in 
hrs
Conductance of 
water in 
mhos x 10
0.5
5.0
6.8
15.8
24.2
29.3
43.9
48.0
72.0
78.0
0.855 
0.948 
0.974 
1.060 
1.208 
1.189 
1 .262 
1.233 
1.215 
1.235
These results showed that the conductivity of water reached a
saturation value after about 24 hours since water was prepared.
From then on, the conductance of water remained reasonably constant 
—6at 1.22 x 10 mhos. Conductances of electrolyte solutions were 
determined usually between 24 to 36 hours since the preparation
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of conductivity water. All solutions were made by weighing bouyancy 
corrected quantities of the salt although their concentrations 
were determined by conductance measurements. For these, a Jones- 
Josephs bridge made by Leeds and Northrup was used. The null 
point was reached with the help of an oscillograph and/or a 
headphone. The method of preparing the tracer solution is descri­
bed on p.32,. However, the concentrations of the tracer and the
)
reservoir solutions were determined by the following general
procedure. Cells having minimum requisite volumes of about 1.8 ml
and 2.5 ml were used. The platinum electrodes of the cells were
partially platinized by a method described by Robinson and 
56Stokes . The cell constants of the cells were periodically 
checked. After filling the cell with the test solution, it was 
placed in a thermostated oil bath maintained at 25.000 + 0.002°C.
The cell resistance was measured at frequencies of 4000, 2000 
and 1000 c/s obtained from an audiofrequency oscillator. The 
observed resistance values were plotted against l/v/T and the 
lines so obtained were extrapolated to infinite frequency. From 
the measured values of the specific conductance, KSp , the 
concentration of the test solution was estimated by a method of 
successive approximation. For this purpose, plots were made of
. 43Ksp against C and /\ against C using Shedlovsky*s values for 
the particular electrolyte. The value of C obtained in this way 
was used to obtain a final estimate of C as follows. For
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concentrations below 0.001 M the value of C was inserted in the 
Onsager limiting law for conductance and the resulting equation 
was solved for .
7. Matching the tracer and reservoir solutions
In the study of self-diffusion, it is a primary condition that the 
solution in the capillary, although labelled, should have the same 
concentration as that in the reservoir. By careful manipulation, 
the resistances of the tracer and reservoir solutions were brought 
as close together as practisable, The agreement in the values of 
the resistances of the tracer and bath solutions was on an average 
of the order of 0.44$. The absolute concentration of each was 
determined as described above.
8. Experimental details concerning the two methods
(i) Continual monitoring method involving the determination of Co: 
In order to determine the self-diffusion coefficients by the open- 
ended capillary method, it had been the practice to measure the 
activity in the capillary before the commencement of diffusion.
The initial counting rate, Co, was then compared with that given 
by the residual activity, Cav, after a certain time of diffusion. 
It was, therefore, necessary to measure accurately the initial
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activity under the same geometry and environment as the later 
measurements during the diffusion run. To achieve this, the 
capillary was filled carefully by fine glass pipettes and a drop 
of polystyrene cement placed on the open end. The capillary sealed 
in this way was placed in the scintillator well and covered with 
the solution. The lid was closed, screwed down and the propeller 
revolved to simulate the later experimental conditions. The 
activity in the tube was counted as usual over a period of 5 to 10 
minutes. The process was repeated four or five times and the 
average value of Co was computed from these measurements.
After each measurement the capillary was washed, first 
with water and then with acetone and dried in the oven. It was 
refilled once more with the tracer solution (brought to the tempe­
rature of the bath) and immersed to begin diffusion. At various 
times in the course of the diffusion run, the amount of activity 
in the tube, Cav, was counted. A standard source was counted 
before and after each Cav measurement in order to correct for 
fluctuations in the counting efficiency of the system. The series 
within the square brackets in equation (6) is rapidly convergent, 
and calculation shows that for the chosen length of the capillary
( x  2 cm) and the diffusion period, the error introduced by taking
60only the first term of the series is <(0.1$. The following 
equation was, therefore, used for the calculation of the
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self-diffusion coefficient
Cav
Co
8 (21)
or
(21a)
m, , u.15 „ , Co , TTThe plot of In - In —
2
v. t was first made. By a
least squaring procedure, the slope of the line was calculated.
between four experiments, carried out with capillaries of two 
different lengths, was of the order of 0.18$. Although this 
precision was quite satisfactory, replicate determinations of Co 
showed a r.m.s. deviation of the order of 0.4$. The situation 
was, however, much more unsatisfactory, in the study of the 
tracer-diffusion of I in KCl or NaCl, pursued for the purpose of 
calibration. Here the standard deviation between replicate
The slope is =
412 x 2.303
and thus I) could be calculated
15Results obtained by this method for the self-diffusion 
coefficient of Na+ in 0.1 M NaCl show that the standard deviation
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determinations was seldom better than 0.4$. It was, therefore, 
desired to eliminate the need of measuring the initial activity 
in the capillary Co.
(ii) Method involving elimination of Co:
An examination of equation (21) showed that it could be expressed
20in one of the alternative forms shown below •
If the plot of the function log Cav is made against time t (in
2
seconds), the slope of the line would be equal to _ ----— 2----
412 x 2.303
from which D could be calculated. It is thus theoretically 
possible to measure the self-diffusion coefficient without requi­
ring to determine Co experimentally. Furthermore by a proper 
selection of (a) the total number of measurements of Cav, (b) the 
interval between successive measurements and (c) the method of
In Cav s (22)
or
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(22a)
calculating the slope, the above method was found to give a 
satisfactory precision. Regarding the total number of measurements,
40
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a reference may be made to the work of Margenau and Murphy irho
have shown that since the precision varies as the square root of
n (the total number of measurements), "It is seldom worthwhile
to make more than ten measurements of a given quantity by the same
method". A word may be said regarding the choice of the interval
betwreen the successive measurements. Davies^ has shown that
it is of great advantage to arrange variables at equally spaced
intervals either on a natural scale or on a logarithmic scale.
During the present work, Cav measurements were made at equally
spaced intervals of time, (usually 6 or 8 hours) throughout day
and night. Each measurement was made after allowing a warm up
time of 17 minutes to the whole counting equipment. Counting
times of 5 or 10 minutes were employed. The radioactive standard
was counted before and after each Cav measurement. The entire
electronic equipment was switched off after every Cav measurement.
In the early experiments a large number of Cav measurements
(a total of 100) were made mostly during twelve hours of the day.
These experiments showed a very unsatisfactory precision. Time
was measured with a dependable wrist-watch provided with a sweep
second. It was checked at least three times every 24 hours by time
signals obtained from the Mt. Stromlo observatory. The slope of
the line was calculated by a least squaring procedure using the
62following regression formula
41
y  (x-x)(y-y)
slope b = (23)
slope b = —
412 x 2.303
(24)
where x and y represent the arithmetic means of the independent 
and dependent variables respectively in equation (22). In 
certain experiments, a single measurement of Cav was found to 
differ widely from the rest. In such cases, well-known stati­
stical rules for 'rejection of observations' outlined by Margenau
6land Murphy were followed. An observation was rejected only 
when its residual was more than 3 times 6 or 5 times the probable 
error. Results were tabulated as shown on p. 56 > for the purpose 
of calculation of I). Typical plots of log Cav against time are 
shown in Figures 2 & "5 •
The background activity was counted at the commencement 
and at the end of each experiment over a sufficient period of time.
At the end of each experiment, the reservoir solution was drained 
out and the reservoir was rinsed repeatedly with distilled water.
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FIGURE 2
TIME VARIATION OF THE AVERAGE ACTIVITY IN THE CAPILLARY
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FIGURE 3
TIME VARIATION OF THE AVERAGE ACTIVITY IN TIIE CAPILLARY
s lo p e  x 10 5
3 a  = 0 .3 4 5 7  0 .0 0 0 7
3b = 0 .3 4 6 4  + 0 .0 0 0 6
4 a  = 0 .3 5 6 0  + 0 .0 0 0 9  
4b = 0 .3 5 4 9  + 0 .0 0 0 7
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Finally it was filled (after rinsing once) with a solution of
desired concentration prepared by weighing bouyancy corrected
quantities of the salt. The reservoir had a capacity of about
4,6 litres. The liquid level in the reservoir was maintained at a
height which was the same for all the experiments. This step was
necessary in order to reproduce the flow rate. During the above
process of cleaning, the photomultiplier and the scintillator were
3 6unavoidably exposed to white light. This exposure was suspected 
to cause a temporary instability if counting was done immediately 
after such exposures. Normal behaviour was restored when the 
diffusion apparatus was kept closed for about eight hours. During 
this period the propeller was kept revolving. After the measure­
ment of the initial background activity, the counting equipment 
was switched off. A small quantity of the reservoir solution 
was withdrawn and transferred to the conductivity cell, (When 
not in use, the cell was kept filled with conductivity water.
Each time before use the cell was cleaned with acetone and dried.) 
The absolute concentration of the reservoir solution was 
determined as described earlier. The procedure adopted for 
filling and immersing the capillary has been described on p.37 . 
The first measurement of Cav for each experiment was made after 
a period of 21 hours since the commencement of the run. 
Calculations showed that for the self-diffusion of sodium ion 
equation (21) becomes effective after this period.
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9. Significance of various corrections
The measured value of the residual activity, Cav, needs to be 
corrected on account of a number of factors discussed in the 
following pages. The general method of applying these corrections 
is the same for either of the two techniques outlined above viz,, 
(i) involving determination of Co and (ii) based on the elimination 
of Co. The various corrections ares
(i) Periodic fluctuations in the counting efficiency
(II) Half-life
(ill) Background
(IV) Gradient of activity
(i) Periodic fluctuations in the counting efficiency:
In order to correct for these, the observed Cav figure is multi­
plied by a correcting factor. The latter is obtained as a ratio 
of the average standard count to the standard count pertaining to 
an individual Cav measurement. As described earlier, the device 
for counting the standard may be (i) a separate photomultiplier 
assembly run on a common power supply or (ii) a standard well, 
situated close to the photomultiplier which counts the capillary. 
The correction due to the standard is on an average + 0.2$/ of 
the Cav figure.
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(II) Half-life:
If the radioactive isotope employed in the work is relatively
131short lived, as in the case of I which has a half-life of
eight days, the measured value of Cav, needs to be corrected for
31radioactive decay. By reference to standard tables , a plot is
made of e ^ ^ against t and the decay correction for each Cav
measurement is read out from the above plot. The decay correction 
22for Na is negligible as it has a half-life of 2.6 years. 
Furthermore, when the external standard source consists of the 
same isotope as that used as a tracer, the decay correction is 
automatically eliminated.
(Ill) Background:
Since the radioactive material diffuses from the capillary into 
the reservoir, the background activity increases with time.
Although lead and stainless steel shielding around the scinti­
llator as well as the large dilution factor involved, minimize 
the background activity, a small correction is nevertheless 
necessary. Experiments were, therefore, made to determine the 
rate of increase of the background activity with time of diffusion. 
It was found that after a rapid initial increase, the background 
activity changed very little over the rest of the period of 
diffusion. Typical measurements of the background activity are 
recorded in Table 2 and shown in Fig.4' Similar plots could
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be made from the knowledge of the pre-diffusion count and the 
post-diffusion count. In an actual run, only two measurements 
of the background (initial and final) were, therefore, made. The 
background was usually measured over a period of 20 to 50 minutes. 
In a representative set of experiments the background increased 
from 0.5 to 1.5^ of the total counting rate.
(IV) Gradient of activity:
With the progress of diffusion, a gradient of radioactivity is 
set up in the capillary and the relation of this gradient to the 
geometry of the detector must be considered. Two cases arise. 
Thus, in the self-diffusion experiments involving the experimental 
determination of Co, the counting rate when the gradient exists 
should be compared with that obtained when there is a uniform 
distribution of activity in the capillary immediately prior to 
diffusion. In the modified procedure involving only the 
measurements of Cav, comparison is to be made between the series 
of gradients formed during the progress of diffusion. The theory 
and procedure of evaluating the gradient correction in either case 
is described in the following,
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TABLE 2
(cf. Fig.4 )
THE RATE OF INCREASE OF BACKGROUND ACTIVITY 
WITH THE TIME OF DIFFUSION
Co = 546.17 counts/sec
Time 
in hr
Background 
activity in 
counts/sec 
+ 0.5%
Ratio
0 2.28 1
22.58 8.23 3.61
46.55 8.80 3.86
70.40 8.90 3.90
80.05 8.95 3.92
Co = 353.75 counts/sec
0 2.12 1
23.16 5.47 2.58
48.08 5.90 2.78
70.40 6.10 2.S8
SO.10 6.13 2.90
HOURS
FIGURE 4
RATE OF INCREASE OF BACKGROUND ACTIVITY WITH 
THE TIME OF DIFFUSION
For A, Co = 546.17 counts/sec 
For B, Co = 353.75 counts/sec
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TABLE 3
(cf. Fig.5)
EFFICIENCY DISTRIBUTION IN A CYLINDRICAL 
SCINTILLATOR
Observed
Distance 
in cm
Relative
efficiency
1 0 • CO 0 i-» 1.172
~ 0.784 1.307
- 0.507 1.427
- 0.07g 1.583
+ 0.494 1.374
+ 0.714 1.402
+ O.994 1.000
Calculated
Distance Relative
in cm 
h
efficiency
0 1.598
+ 0.2 1.583
j- 0.4 1.534
+ 0.6 1.447
+ 0.8 1.292
+ 1.0 1.000
1.6
h in CM.
FIGURE 5
CURVE RELATING EFFECIENCY OF DETECTION OF A POINT SOURCE TO 
POSITION ALONG THE Z-AXIS OF SCINTILLATOR
----- Theoretical curve
O Experimental points
CM.
FIGURE 6
cf. Equation (5) and p. 50
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An inspection of equation (5) shows that for a given 
length 1 of the capillary, since D can be estimated to within a few 
per cent., Cx can be calculated as a function of distance. The theore­
tical plots of Cx/Co y. distance in cm along' the bore of the capi­
llary are shown in Fig. 6. These plots show, in general, that the 
gradient of activity is not symmetrical about the midpoint of the 
capillary and thus a gradient correction becomes necessary. In 
order to evaluate the gradient correction, it is required to know 
the radiation detection efficiency as a function of the distance 
along the bore of the capillary. In the following treatment such a 
function is formulated for points along the z-axis of the scinti­
llator, which encloses the capillary. The determination of the form 
of the efficiency function has been approached from geometrical 
considerations as well as experimental observations.
In the geometrical approach, (for a complete derivation 
cf. p. 102, Appendix) the value of the efficiency function, r, at any 
point along the z-axis is obtained in terms of the dimensions of 
the scintillator. The relation is:
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where a is the radius and 2b the height of the scintillator.
The experimental determination of the relative effici­
ency was considered necessary in case such factors as irregulari­
ties in the scintillator, reflection from walls etc, imposed
appreciable asymmetry on the purely geometric efficiency. In the
22experimental method, a point source of Na was moved to 
accurately known distances along the bore of the scintillator and 
the counting rate obtained at each position of the source was
recorded, (The source was made by inserting a small quantity of
22carrier-free Na in a very fine hole drilled in a biass disk. 
After evaporating the liquid the source was covered with a film 
of Zapon.) The distances were measured v'ith a micrometer. The 
theoretical and experimental efficiency curves are shown in 
Fig.5 (cf. Table s ) and it will be noticed that the two curves 
are very similar. Equation (25) can, therefore, be used for 
cylindrical scintillators with negligible error.
The above equation may now be applied to the capillary 
fitted into the scintillator. The length of the capillary is 
identical to the height 2b of the scintillator. 1 = 2b = 2 cm. 
The x— axis of the capillary, along which diffusion occurs, is 
identical to the z- axis of the scintillator. After making 
appropriate substitutions equation (25) may be written as
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1
1 b+x 
+ 2 a
, a2+(b+x)^ /n„ \ln ----i-- 1—  (25a)
(b+x)2
The next step is to relate the counting rate, when a gradient of 
activity exists, to that which would be ovserved if the activity 
were uniformly distributed. Expressed mathematically, the 
correcting factor takes the following form.
where Cx and rx are defined by equations (5) and (25a) respectively.
The above ratio represents the factor by which the measured 
activity at any time would have to be multiplied in order to 
compare it with a uniform distribution of the same total activity. 
The integrals were evaluated graphically by making use of the 
plots in Figs. ( 5 ) and (6 ). The correcting factors computed 
for both the procedures, the original one involving determination 
of Co and the other based on the elimination of Co are listed in
(26)
Table 4. These correspond to the self—diffusion of Na+ (from a
2 cm long capillary) in 1.44 M N&C1 at 25°C. For this system14 
D = 1.202 x 10 ° cm^/sec
TABLE 4'
Correction Factor
Period of 
diffusion 
in hr
Method involving 
comparison with 
initial activity
Method involving 
intercomparison of 
activity gradients
24 1.0096
36 1.0094
48 1.0097
60 1.0097
72 1.0093
1.0001
1.0003 
1.0000 
1.0000
1.0004
Thus it is clear that a correction factor of 1% is 
necessary to compare the activity gradients with a uniform 
distribution; the intercomparison of the activity gradients, 
however, requires corrections much less than 0.1/£. Corrections of 
this order are normally well belowr the statistical coimting error 
and can, therefore, be safely neglected.
calibration  of the apparatus
While d e s c r i b i n g  t h e  c a p i l l a r y  t u b e  method o f  Anderson  
12and S a d d in g t o n  i t  has  been  shown t h a t  a f lo w  o f  l i q u i d  n e e d s  t o
be m a i n t a i n e d  o v e r  t h e  open end o f  t h e  c a p i l l a r y  i n  o r d e r  t o  sweep
t h e  d i f f u s i n g  m a t e r i a l  away f rom t h e  same« A l th o u g h  t h e  l i q u i d
f low  may be s t r e a m l i n e d  t h e  optimum r a t e  o f  f lo w  of  t h e  e l e c t r o l y t e
s o l u t i o n  o v e r  t h e  c a p i l l a r y  mus t  be found  o u t .  The optimum
13s t i r r i n g  r a t e  chosen  by Wang f o r  h i s  a p p a r a t u s  was s uch  t h a t  t h e  
" A l "  e f f e c t  ( c f .  p .  20) was n e g l i g i b l e .  I t  a p p e a r s  t h a t  t h e  
b e s t  method o f  d e c i d i n g  th e  optimum f lo w  r a t e  would be to  c a l i b r a t e  
t h e  a p p a r a t u s  w i t h  r e s p e c t  to  an e s t a b l i s h e d  s t a n d a r d  s y s t e m .  A 
r e f e r e n c e  t o  t h e  p u b l i s h e d  l i t e r a t u r e  r e v e a l e d  two s y s t e m s  which  
c o u l d  be employed f o r  t h e  p u r p o s e  of  c a l i b r a t i o n .  The f i r s t  one 
r e f e r s  t o  t h e  d a t a  p u b l i s h e d  by M i l l s  and Adamson"^ and Mills*"* 
f o r  t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  o f  Na+ i n  NaCl.  M i l l s ’ 
i n v e s t i g a t i o n  shows a s a t i s f a c t o r y  a g ree m en t  be tween  t h e  v a l u e s  
o b t a i n e d  by two d i f f e r e n t  methods  namely ( i )  t h e  d iaph ragm  c e l l  
and ( i i )  t h e  c a p i l l a r y  tu b e  method.  A l though  i t  was m os t  d e s i r a b l e ,  
t h e  v a l u e s  o b t a i n e d  by M i l l s  f o r  c o n c e n t r a t i o n s  i n  t h e  v i c i n i t y  
o f  0 .1  M co u ld  n o t  be u s e d  f o r  c a l i b r a t i o n .  Th is  i s  so b e c a u s e  
t h e  d iaph ragm  c e l l  w hich  i s  known to  g i v e  e r r o n e o u s l y  h ig h  v a l u e s
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at lower concentrations could not be regarded as absolutely
35 +dependable at 0.1 M. A reference to the published plot of DNa 
against ^/c shows at 1.44 M a remarkable agreement between the
results obtained by various workers. The value of DNa+ in NaCl
o —5 2(at 1.44 M and 25 C) used as a reference is 1.202 x 10 cm /sec.
This choice is, however, open to criticism in view of the fact that
the stirring rate adequate at 1.44 M may not necessarily be
satisfactory at or below 0.1 M, since the relative viscosity of
NaCl solutions decreases by about 12% for a concentration change
from 1.44 M to 0.11 M. However, the difficulties involved in
accurately measuring the flow rates or those involved in reproducing
and sustaining a given flow rate (over a period of 78 hours) cannot
be ignored totally. In view of this situation it is likely that
the error introduced by neglecting the viscosity effect may not
become serious. Another system which appears to be most suited as
a standard for calibration is the tracer-diffusion of I in KC1 or
NaCl investigated by Stokes, Woolf and Mills**. As stated earlier,
this happens to be the very first system where the results of two
independent investigations show a satisfactory agreement.
Furthermore, for aqueous KC1 solutions, the relative viscosity as
well as the increase of viscosity with concentration is appreciably
small. It was, therefore, desired to calibrate the apparatus with
reference to all the three systems outlined above.
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TABLE 5
(cf. Fig. 7 )
variation of flow rate with propeller speed
IN 1.44 M NaCl
Propeller speed
in r.p.m.
Flow rate in 
mm/sec
108
113
120
124
6.1 + 0.33 
6.8 + 0.32
7.3 + 0.54
8.3 + 0.59
Flow rates in conductivity water were within the experimental
error of the above measurements
FL
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.
propeller  sp e e d  in r.p.m.
FIGURE 7
VARIATION OF FLOW RATE WITH PROPELLER SPEED IN 1 .4 4  M NaCl
uBR\«r Ti;
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TABLE 6
(cf. Fig. 8)
VARIATION OF THE SELF-DIFFUSION COEFFICIENT OF Na‘ 
IN 1.44 M NaCl WITH THE FLOW RATE
r.p.m. Flow rate in DNa+ x 10' cm^/sec
mm/sec
124
122
113
108
8.3 + 0.59
7.5 + 0.51
6.8 + 0.32 
6.1 + 0,33
1.2190 + 0.0001 
1.2114 + 0.0001 
1.1974 + 0.0012 
1.1873 + 0.0022
Experimental plots of log Cav against t giving DNa values of 
—5 21.1986 and 1.1961 x 10 cm /sec are shown in Fig. 2. The method 
of calculation of results is shown in Table 7 pp. 56 and 57.
1.25
x 1.20
115 120 
PROPELLER SPEED in  H p.m.
FIGURE 8
Variation of DNa+ with propeller speed in 1.44 m NaCi
i
. 5 6
1 .4 4  M TABLE 7*
No. Zg ( i = 2 .0 0 4  cm) c f .  F i g . %
. No. C a v /se c lo g  C av /sec se c  x 10“
1 2 4 1 .4 0 2 .38274 0 .8247
2 20 4 .3 3 2.31033 1.0359
3 174 .42 2 .24160 1 .2603
4 1 4 5 .5 2 2 .16292 1.4961
5 1 2 6 .6 5 2.10261 1.6851
6 1 0 8 .3 5 2.03483 1.8981
7 9 1 .6 5 1 .96213 2 .1039
8 7 8 .6 5 1.89570 2 .3373
9 6 7 .9 0 1.83187 2 .5485
10 5 7 .9 8 1.76328 2 .7585
* c o n t in u e d  on p .  57
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TABLE 7*
Run No• Zg (l = 2.004 cm) cf. Fig.2.
s. No. (y-y) (x-x) (x-x)(y-y) (x-x)2
1 0.31394 0.9701 0.30455 0.9411
2 0.24153 0.7589 0.18330 0.5759
3 0.17280 0.5345 0.09236 0.2857
4 0.09412 0.2987 0.02811 0.0892
5 0.03381 0.1097 0.00371 0.0120
6 0.03397 0.1033 0.00351 0.0107
7 0.10667 0.3091 0.03297 0.0955
8 0.17310 0.5425 0.09391 0.2943
9 0.23693 0.7537 0.17857 0.5681
10 0.30552 0.9637 0.29443 0.9287
equations (23) and (24)
Slope = 
and D =
0.31975 x 10”5 
1.1986 x 10 ^ cm.2/^sec
continued from page 56
Algebraic signs of values in the above columns have been 
considered in the calculation of the slope.
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Fig. 7 shows a representative plot of the flow rate in 
mii/sec against the propeller speed in r.p.m. employing a reservoir 
solution of 1.44 M NaCl. A careful study of the flow rates in 
conductivity water was made at the corresponding propeller speeds. 
This study showed that the flow rates in water were within the 
experimental error of those in 1.44 M NaCl recorded in Table 5.
The flow rates were measured over a length of 19 mm 
starting from the open end of the capillary. Perhaps, it is more 
appropriate to measure the flow rates across the face of the 
capillary. However, such measurements were not always dependable 
due to the influence of stray eddy currents.
Figure 8 shows the plot of DNa+ in 1.44 M NaCl against 
the propeller speed in r.p.m. Results in Table 6 p.55 show that the 
required value of 1.202 x 10 cm^/sec is approached at a speed of 
113 r.p.m. or a flow rate of 6.8 + 0.32 mm/sec. This stirring 
rate (of 113 r.p.m.) was, therefore, adopted for work involving 
the experimental verification of the Onsager limiting law for 
single ion diffusion.
In the investigation of DNa+ in 0.1 M NaCl reported by 
15Mills and Godbole , it has been stated that the flow rates were
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of the order of 1-3 mm/see. This figure was only approximate 
because the flow rates could not be measured while the photomulti­
plier was dipping in the liquid above the capillary.
A large number of experiments (l6 in all) were carried 
out for calibrating the apparatus with respect to the reference 
value of Stokes et al., for DI in 0.1 M KC1. These measurements 
were made by the original procedure involving the experimental 
determination of Co. The radioactive tracer used in this work was
131I . As pointed out earlier, replicate determinations of Co 
showed a poor precision. At a later stage the results were 
calculated by means of the procedure based on the elimination of 
Co. However, the interpretation of the data was extremely 
difficult mainly because the experimental points constituting the 
plot of log Cav against t rarely fell on a straight line.
An attempt was also made to calibrate the apparatus with 
respect to the system namely I in NaCl, this time employing the 
new technique based on the elimination of Co. The value obtained
by Stokes et al., for the tracer-diffusion of I in NaCl at 1.44 M
—5is 1.6620 i 10 ' + 0.2$. The value obtained in the present work 
at a flow rate of 6.8 mm/sec is 1.6604 + 0.0309 x 10 cm /sec.
The precision was indeed very poor. Considerable attention was, 
therefore, given to investigate the cause of the imprecision
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131associated with the measurement of the activity of I L • For this
purpose, a comparative study of the pulse height spectra of the
22 131two isotopes namely Na and I ' was made. The following systems 
were studied.
22(a) Na“  ^enclosed in a well-type sodium iodide (Tl) 
crystal (lin#in diameter)
22(b) Na enclosed in a plastic scintillator
131(c) I enclosed in a plastic scintillator
In each case the crystal was surrounded by a thick metallic shield. 
The spectra were studied with a Sunvac 50 -channel pulse height 
analyser used in conjunction with each source and crystal. A 
study was also made of the variation of the counting rate with the 
discriminator bias voltage, using the usual scaler and amplifier. 
Typical spectra obtained with systems a, b and c are shown in 
Figures 9, 10, 11, 12 & 13. All the above spectra are corrected 
for background activity. Referring to Fig. 9 the background in 
the photo-peak channels was from 0.6 to ifo.
In order to gain a fuller insight into the significance 
of these spectra it is necessary to examine (l) the energies of 
gamma rays emitted by the two isotopes and (2) the manner in 
which gamma rays interact with a phosphor.
C
O
U
N
T
S
/M
il
I
3 0 0 0
0.51 MEV
2000
OOO
1.28 MEV.
30
PULSE HEIGHT
FIGURE 9
opPULSE HEIGHT SPECTRUM OF Na ENCLOSED IN Nal (T1)
PHOTOMULTIPLIER VOLTAGE = 700 VOLTS
3000
2000
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PULSE HEIGHT
FIGURE 10
PULSE HEIGHT SPECTRUM OF Na22 ENCLOSED IN PLASTIC SCINTILLATOR
PHOTOMULTIPLIER VOLTAGE = 900 VOLTS
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OO(1) Na*" decays with a half-life of 2.6 years by a 
4- 22single p transition to Ne followed by emission of a single
40gamma quantum to the ground state* Alburger gives the gamma ray
energy as 1.277 MeV. Each positron when annihilated gives rise 
to two gamma photons of energy 0.511 MeV.
131I decays with a half-life of 8.05 days by a single
ß transition to Xe*'*. The disintegration of I*°* is somewhat
63complex and there has been frequent disagreement among different 
workers about the exact details of the disintegration scheme. 
However, it is generally accepted that each beta ray is accompanied 
by two cascade gamma rays of energies 0.367 and 0.08 MeV respecti­
vely, The 0.367 MeV gamma ray is in 0.8$ of the disintegrations.
(2) Gamma rays interact with a phosphor (or with matter 
in general) by three important processes, viz.,
(l) Compton Scattering
(il) Photoelectric Effect
(ill) Pair Production
(i) In the Compton process, an incident gamma ray transfers some 
of its energy to an electron, leaving the rest as a scattered 
photon. Very often, the energy of the scattered photon is as 
great as that of the incident gamma ray. Thus considerable energy
CO
UN
TS
/S
EC
.
3 0 0 0
2000
lOOO
O
O IO 2 0  3 0  4 0
DISCRIMINATOR BIAS VOLTS
FIGURE 12
VARIATION OF INTEGRAL COUNTING RATE WITH 
DISCRIMINATOR BIAS VOLTAGE
22Na ENCLOSED IN PLASTIC SCINTILLATOR 
PHOTOMULTIPLIER VOLTAGE = 1800 VOLTS
FIGURE 13
VARIATION OF INTEGRAL COUNTING RATE WITH 
DISCRIMINATOR BIAS VOLTAGE
131I ENCLOSED IN PLASTIC SCINTILLATOR 
PHOTOMULTIPLIER VOLTAGE = 1850 VOLTS
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(1 )  Na4- decays  w i t h  a h a l f - l i f e  o f  2 , 6  y e a r s  by a
a 2 2
s i n g l e  p  t r a n s i t i o n  t o  Ne f o l l o w e d  by e m is s i o n  of  a s i n g l e
40gamma quantum to  t h e  ground s t a t e .  A lb u r g e r  g i v e s  t h e  gamma r a y
e n e rg y  as  1 .277  MeV. Each p o s i t r o n  when a n n i h i l a t e d  g i v e s  r i s e  
t o  two gamma p h o to n s  o f  ene rg y  0 .511  MeV.
1 q -j
I d e c a y s  w i t h  a h a l f - l i f e  o f  8 . 0 5  days  by a s i n g l e
p  t r a n s i t i o n  t o  Xe ° • The d i s i n t e g r a t i o n  of  I  ° i s  somewhat
63complex and t h e r e  has  been  f r e q u e n t  d i s a g r e e m e n t  1 among d i f f e r e n t  
w o rk e r s  a b o u t  t h e  e x a c t  d e t a i l s  o f  t h e  d i s i n t e g r a t i o n  scheme.  
However, i t  i s  g e n e r a l l y  a c c e p t e d  t h a t  each  b e t a  r a y  i s  accompan ied  
by two c a s c a d e  gamma r a y s  o f  e n e r g i e s  0 .367  and 0 .0 8  MeV r e s p e c t i ­
v e l y .  The 0 .367  MeV gamma r a y  i s  i n  0 . 8 $  o f  t h e  d i s i n t e g r a t i o n s .
(2 )  Gamma r a y s  i n t e r a c t  w i t h  a ph o s p h o r  ( o r  w i t h  m a t t e r  
i n  g e n e r a l )  by t h r e e  i m p o r t a n t  p r o c e s s e s ,  v i z . ,
( l )  Compton S c a t t e r i n g
( i l )  P h o t o e l e c t r i c  E f f e c t
( i l l )  P a i r  P r o d u c t i o n
( i )  In  t h e  Compton p r o c e s s ,  an i n c i d e n t  gamma r a y  t r a n s f e r s  some 
o f  i t s  en e rg y  t o  an e l e c t r o n ,  l e a v i n g  t h e  r e s t  as  a s c a t t e r e d  
p h o t o n .  Very o f t e n ,  t h e  e n e rg y  o f  th e  s c a t t e r e d  p h o to n  i s  as  
g r e a t  as  t h a t  o f  t h e  i n c i d e n t  gamma r a y .  Thus c o n s i d e r a b l e  e n e rg y
22
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is allowed to escape from the phosphor in the Compton process,
(il) In the photoelectric process the entire energy of the 
incident gamma ray appears as the kinetic energy of the electron.
(ill) When the energy of the incident gamma ray exceeds 1.02 MeV 
a third process namely pair production becomes possible. Pair 
production essentially means the creation of a positron and 
electron pair. In this process, the residual energy of the gamma 
ray is shared between the electron and positron. The last when 
stopped annihilates with a nearby electron giving rise to two 
photons of 0.511 MeV.
The two processes namely pair production and photo­
electric effect increase rapidly with the increasing atomic number 
of the elements in the phosphor. This effect is not so important 
in the case of the Compton process. It is evident that a phosphor 
containing elements of high atomic number such as I in Nal would 
favour complete absorption of gamma rays. In a plastic scinti­
llator which contains light elements such as carbon and hydrogen, 
almost all the light output is due to the Compton process.
Fig. 9 shows the pulse height spectrum obtained with a 
well-type Nal (Tl) crystal enclosed in a metallic shield. The 
photoelectric peaks at 0.51 MeV and 1.28 MeV are clearly observed.
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However, this spectrum cannot be compared with those obtained under 
42ideal conditions . Thus it is known that the good performance
64of a detector is considerably reduced by the presence of a thick 
metallic shield around it. The Compton electrons and the degraded 
gamma rays produced in the shield would be responsible for this 
effect. The large Compton distribution accompanying the 0.51 MeV 
peak in Fig, 9 could perhaps be attributed to the influence of a 
thick metallic shield. It is also likely that a well-type geometry 
may have a similar effect on the performance of a scintillator.
An investigation of the last named factor is being made by Dr.
Mills in this laboratory.
22Fig. 10 shows the pulse height distribution of Na 
enclosed in a well-type plastic scintillator. Here the photo-peaks 
are altogether absent. The entire spectrum consists of the 
Compton distribution. Experiments carried out with the scaler 
showed that the counting statistics was very poor at low discri­
minator bias voltage.
Fig. 11 shows the pulse height distribution obtained
131with I  ^ enclosed in the aforementioned plastic scintillator.
Fig. 13 shows the integral counting ro/te v. bias voltage curve for 
the same system. It was observed that the counting statistics at 
low bias voltage was unsatisfactory. As shown in Figures 12 & 13
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the counting rate at higher bias voltages drops off relatively
explained if it is noted that Na emits a gamma quantum of 1.28 
MeV in addition to a positron*
the plastic phosphor (of the employed geometry) it was on one hand 
possible to count the 1.28 MeV gamma rays with the required 
accuracy; on the other hand the statistics of counting the 0.51
to the presence of the shield around the scintillator, in view of 
the fact that the disturbing effect of the shield would become 
more significant, the lower the energy of the radiation. A well- 
type geometry could, perhaps, have a similar effect. However, a 
further study of these effects needs to be made in order to know 
the exact cause of the observed behaviour.
points to a few significant modifications which may be incorporated 
in the future designs of the continual monitoring diffusion 
apparatus. Some of the proposed modifications are outlined in 
the following.
131 22rapidly for I than in the case of Na • This may perhaps be
22
The observations may be summarized by saying that with
22MeV annihilation radiation of Na or the 0.367 MeV gamma rays of 
131I was very poor. This behaviour could, perhaps, be attributed
At any rate this study of the pulse height spectra
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In spite of the difficulties arising due to the presence 
of a thick shield around the scintillator, its use appears to be 
inevitable if the capillary is to be enclosed in the detector. 
Because such a shield alone would cut down the rate of increase of 
background activity associated with the progress of diffusion. To 
overcome this difficulty the capillary may not be enclosed in the 
detector. Instead, a sodium iodide (Tl) crystal may be permanently 
attached to the photomultiplier and the whole assembly placed in 
a thin (0.5 mm) aluminium shield. A thin coat of a good reflector 
may be applied to the scintillator. The detector assembly may be 
thermostated and placed at one end of the diffusion apparatus 
facing the capillary along its length. If necessary the radiation 
from the capillary may be collimated on the detector. (in a 
recent design Mills has kept the detector assembly immersed in a 
thermostated water bath.)
Finally a single channel analyser may be employed for 
the purpose of counting the photo-peak pulses. Since the detector 
is at one end of the diffusion apparatus, and the radiation 
collimated, the rate of increase of background activity during 
diffusion would be very small in the photo-peak channels.
An entirely novel method of calibration, recently 
suggested by Prof. Stokes, is being pursued by Mills in this
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laboratory. This consists of calibrating the apparatus with
41reference to Harmed's value for the salt-diffusion of 0.005 M 
NaCl in HqO. Since the precision of Harned's method is of the 
order of 0,2% in the dilute region, such a calibration would 
substantiate the investigations reported in the next section of
this thesis.
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TABLE 8 (cf. Fig. 14)
TEST OF THE ONSAGER LIMITING LAW: MEASUREMENT CF DNa+
IN NaCl AT 25°C
K s^  x 103 C DNa+ i 105 2,cm /sec
int.ohm *cm * Moles/l
Observed Theoretical
0.0281 0.000225 1.3346 + 0.0013 1.3297
0.094 0.00076 1.3323 + 0.0021 1.3263
0.1256 0.0010^ 1.3274 + 0.0017 1.3252
0.603 0.00500 1.3191 + 0.0001 1.3147
1.1854 0.01001 1.3115 + 0.0001 1.3069
2.89 0.0252 1.2971 + 0.0013 1.2911
3.25 0.0286 1.2981 + 0.0004 1.2884
5.49 0.049£ 1.2942 + 0.0010 1.2741
6.32 0.0575 1.2889 + 0.0017 1.2694
10.36 0.097 1.2801 + 0.0019 1.2502
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FIGURE 14
TEST OF THE ONSAGER LIMITING LAW AND RELATION OF PRESENT WORK 
WITH EARLIER INVESTIGATION OF MILLS AND ADAMSON
Na* IN NaCl AT 25°C
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C = 0.00076 M
Run No. Z42
Obs. No. 
1 
2
3
4
5
6
7
8
C = 0.00076 M
Run No. Z43
Obs. No. 
1 
2
3
4
5
6
7
8
TABLE 9
(1 = 2.004 cm) 
Cav/sec 
302.58 
239.95 
193.93 
154.00 
120.60 
93.02 
72.33 
59.52
TABLE 10
(1 = 2.004 cm) 
Cav/sec 
312.02 
244.62 
200.60 
159.77 
126.20 
99.23 
77.07 
58.70
cf. Fig.3
-5sec x 10 
0.7833 
1.0635 
1.3491 
1.6491 
1.9341 
2.2203 
2.5209 
2.7945
cf. Fig.3
-5sec x 10 
0.7863 
1.0712 
1.3599 
1.6683 
1.9317 
2.2125 
2.5221 
2.7993
69
C = 0 .0 1 0 0 1  M 
Run No. Z34
TABLE 11
Run No. Z
1 = 2 .0 0 4  cm
. No. C a v / s e c
C
s e c  x  10 '
1 1 2 4 .9 5 0 .7 9 2 6
2 1 0 0 .3 8 1 .0 7 3 4
3 7 8 .8 0 1 .3 6 4 4
4 6 4 .7 2 1 .6 5 7 2
5 5 0 .4 2 1 .9 4 1 0
6 3 8 .9 7 2 .2 2 5 4
7 3 0 .8 0 2 .5 2 1 2
8 2 5 .2 8 2 .7 9 9 0
L001 M TABLE 12
Z39 1 = 2
3. No. C a v / s e c
t_J
s e c  x 10
1 2 5 4 .5 3 0 .8 0 0 1
2 1 9 8 .6 7 1 .0 8 1 5
3 1 5 6 .5 8 1 .3 5 8 7
4 1 2 5 .8 2 1 .6 5 2 8
5 9 6 .5 5 1 .9 3 9 5
6 6 3 .7 2 2 .5 2 0 9
7 4 9 .8 3 2 .8 0 1 7
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C = 0 .0252  M TABLE 13
Run No. Zg3 (1 = 2 .0 0 4  cm) c f .  F ig
Obs.  No. Cav/sec i n "5s e c  x 10
1 4 9 .2 0 0.7971
2 3 9 .2 2 1 .0878
3 3 0 .4 3 1 .3749
4 2 5 .1 7 1 .6653
5 19 .40 1 .9500
6 15 .57 2 .2338
7 12 .57 2 .5242
8 9 .7 8 2 .8 1 9 4
C = 0 .0 2 5 2  M TABLE 14
Run No. Z29 ( l  = 2 .0 0 4  cm) c f .  F i g . "5
. No. Cav/sec s e c  x 10
1 4 5 . 9 5 0 .7915
2 3 6 .1 5 1 .0710
3 2 8 .6 8 1 .3620
4 23 .07 1 .6548
5 17 .92 1 .9440
6 1 4 .9 5 2 .2 1 9 4
7 1 1 .40 2 .5 2 8 4
8 9 . 0 5 2 .8087
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C = 0 .0 9 7  M
Run No. Z^g
Obs. No. 
1 
2
3
4
5
6
7
8
C = 0 .0 9 7  M
Run No. Z^q
Obs. No. 
1 
2
3
4
5
6
7
8
TABLE 15
( l  = 2 .0 0 4  era) 
C av /sec  
170 .68  
135 .33  
106 .23  
8 6 .8 2  
68 .83  
53 »38 
4 4 .5 7
3 4 .5 0
TABLE 16
( l  = 2 .0 0 4  cm) 
C av /sec  
187 .40
147 .75
117 .75  
9 5 .5 3  
75 .63  
6 0 .2 0  
4 8 .0 2
3 8 .5 0
c f .  F i g .  2,
i n “ 5s e c  x 10 
0 .7917  
1 .0767  
1 .3605  
1 .6585  
1.9431 
2 .2281 
2 .5209  
2 .8023
c f . F i g . Z  
s e c  x 10 ^ 
0 .8019  
1 .0808 
1 .3730  
1 .6622  
1 .9461 
2 .2 2 7 5  
2 .5251 
2 .8095
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C = 1.44 M TABLE 17
Run No. Z 12 (1 a* 2.004 cm) cf. Fig
Obs. No. Cav/sec sec x 10 °
1 226.48 0.7938
2 182.93 1.0818
3 146.17 1.3626
4 119.53 1.6548
5 96.15 1.9320
7 61.47 2.5290
8 52.62 2.8026
DISCUSSION
The expression for the Onsager limiting law connecting 
the concentration C (of the ionized salt) with the equivalent 
conductance A o f  a uni-univalent electrolyte is
A  = A0 - ( A  A° + ß ) /c (27)
For aqueous solutions at 25°C the constants of equation (27) have 
the values = 0.2274 and J3 = 59.79 representing the
relaxation and electrophoretic retardations respectively. For the 
case of NaCl equation (27) becomes
A  = 126.45 - 88.5221 /IT (27a)
Onsager limiting law for ion-diffusion in aqueous solutions of 1:1 
electrolytes at 25°C may be written as
1 - 0.7816 (1 - /d(CO.:) ) Jc (18)
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For the self-diffusion of Na+ in NaCl equation (18) becomes
BN a+ 1.3337 - 0.268 J~C x 1(T5 cm2/sec (28)
The constant in the above equation accounts for the relaxation effect 
in single ion diffusion. The similarity between the two limiting 
laws is at on«, e evident. According to Onsager's theory, in 
conductance the relaxation effect changes the applied field by 
the factor
In tracer or self-diffusion the relaxation effect changes the 
force acting on the tracer ion j by the factor
limiting law for single ion diffusion, a repeated reference to the 
limiting law for conductance will be made on account of the basic
3£KT
) (30)
Although the present discussion deals with the Onsager
similarity between the two laws
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In order to know why the Onsager limiting laws are 
valid only for very dilute solutions it would be necessary to 
examine the significance of some of the fundamental quantities 
characteristic of the ionic atmosphere. One such quantity is the 
mean radius of the ionic atmosphere ^  which can be calculated 
from the equilibrium between the energy of electric attraction 
and that of thermal agitation. The numerical value of K for a 
univalent binary electrolyte in water at 18°C is
K = 0.332 x 108 /c
oThe quantity 0.332 x 10 is often represented by B. Thus at 
C = 0.1 M, — = 10 ? cm and at C - 1 M, ~ = 3 x 10 ° cm
Two more quantities associated with the ionic atmosphere 
are ’a' the diameter of an ion and ‘d^ the distance at which two 
ions of charge e have the mutual potential energy KT. For 
univalent ions in water
—8'a* is of the order of 2 to 4 x 10 cm 
dQ = 7 x 10 8 cm
The approximations involved in the derivation of the 
aforementioned limiting laws will be accurate enough as long as 
the radius of the ionic atmosphere is large, compared with
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’a' or ’^0’« Evidently this situation is realized only in very 
dilute solutions, so dilute that ions rarely come together. Thus 
for a uni-univalent binary electrolyte in water
~  = d0 at C = 0.2 M
and — = ’a’ at C ~ 1 MK
In the derivation of the above laws it is admitted that
the description of the part of the ionic atmosphere that is inside
’d0* (and ‘a’) is inaccurate in any case. However, in very dilute
solutions where —  )>/> d0 the interior region of the ionic 
K 2atmosphere is small compared to the rest. Onsager and Fuoss 
have stated that this approximation amounts to neglecting higher 
terms in a power series expansion of exp j^e^/fcr x l/KT J , where 
e /f r is the potential energy of a pair of ions, and in allowing 
distances smaller than 'a1 between ions. It is thus clear that 
the Onsager limiting laws based on these inevitable approximations 
cannot be expected to apply even to moderately concentrated 
solutions.
The Onsager limiting laws have been the cause of a great 
deal of refinement in the experimental methods of measuring 
conductances and self-diffusion coefficients. It was obviously
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necessary to prove experimentally the validity (or invalidity) 
of these limiting laws. Also it was necessary to determine the 
accuracy and the range of concentration within which each 
limiting expression was valid, if at all* Besides, it was 
important to know the mariner in which the limiting law was appro­
ached in dilute solutions. The significance of this fact was
44pointed out by Onsager who suggested that completely dissocia­
ted electrolytes should approach the limiting tangent asymptoti­
cally from above whereas incompletely dissociated electrolytes 
should approach it from below.
44The limiting law for conductance was published in
1927. An accurate test of this equation was first made by
43,45Shedlovsky 7 in 1932. With considerably improved experimental 
technique he was able to make measurements with precision at salt 
concentrations as low as 0.00003 normal. Shedlovsky's results 
show that the Onsager law for conductivity is obeyed within 
experimental error in the concentration range from 0.00003 to 
0.001 N by aqueous NaCl, KCl, HC1, AgNOo, CaClg and LaClß . 
However, above 0.001 N there is a distinct upward deviation.
In 1945 Onsager10 formulated an expression which as 
25shown by Gosting and Earned (in 1951) reduces to a limiting law 
for self—diffusion of an ion as a special case. In the same paper
Gosting and Ilarned have pointed out the need of experimentally 
verifying the Onsager limiting lav. However, in order to make a 
satisfactory test of this important lav it Aras necessary to 
measure the ion-diffusion coefficients vith a precision of the 
order of 0.2% or better in the value of D in the dilute region.
has been proved to be extremely successful for vork in moderate 
to concentrated solutions could not be employed for testing the 
Onsager lav for reasons detailed earlier in this thesis.
method was, however, fundamentally capable of being adopted for 
such vork. The historical development of the various refinements 
of this method made by several vorkers has been traced earlier 
in the ’introduction’. It would suffice to say here that the
ctory for the purpose of testing the Onsager law, before the 
author took up this investigation. With the help of the new 
apparatus and the continual monitoring method the self-diffusion
different concentrations within the range of 0.000225 M to 0.1 M. 
For this work a total of 35 experiments were performed. Hovever, 
the results of almost 40/C of the experiments had to be discarded
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due to failure in the proper functioning of one or more of the 
components of the apparatus. Significant results of this 
investigation are summarized in Table <0 p.67. Corrected values
of Cav/sec and t for ten experiments are recorded in Tables q-l'7^7*
Results recorded in Table 8 and Fig. /4 show that at
0.00102 M the value of DNa is within the experimental error of
that predicted from the Onsager limiting law. The smooth curve
drawn through the experimental points approaches the Onsager
limiting slope asymptotically (cf. Fig. 14) from above. This
44finding is in accord with the ideas expressed by Onsager for the
case of completely dissociated electrolytes. The limiting value
B°Na+ obtained by employing the method of least squares is
1.3367 x 10 ° cm^/sec. This value is within 0,23% of the Nernst
—5 2limiting value namely 1.3337 x 10 cm /sec. For the purpose of 
the above extrapolation the data obtained at concentrations of 
(i) 0.000225, (ii) 0.00076, (iii) 0.00102 and (iv) 0.00500 M were 
employed. The equations are:
D = D° - A Jc 
_o 66The intercept B is given by
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^(/C )2 I d - ( X  /c)( I d * yc)
n v )£ " ( X / c  )2
Fig, 14 shows also the relation of the present work with the
35earlier investigation of Mills and Adamson' .
A note on the lower limit of concentration and the 
difficulties encountered at concentrations below 0,001 M.
HhThe tracer solution used for the measurement of DNa at
220.000225 M was prepared as follows. 0.05 ml of carrier-free Na
(N.S. & E.C. product) was carefully evaporated to dryness and
dissolved in 2.5 ml of conductivity water. The carrier-free
product had an activity of 0.1 mc/ml. Calculations show that the
22concentration of Na Cl in the tracer solution should be of the
—8order of 1.5 x 10 ° M. However, this tracer was found to have a 
mean Kg^ of 0.0000281 int. ohm cm  ^ giving the concentration 
as 0.000225 M. Although the carrier-free tracer had a high (99^) 
radiochemical purity, its chemical purity was unknown. Hence, 
the self-diffusion coefficient, measured by following the
radioactivity of Na , was that of the sodium ion but the condu­
ctance of the tracer solution was not all necessarily due to 
sodium chloride. Another difficulty encountered in work at 
concentrations below 0.001 M is the marked adsorption of the radio­
active material on the walls of the capillary. The magnitude of 
this adsorption is illustrated in the following Table.
Concentration Average activity Approximate
of tracer adsorbed on the range of Cav
solution capillary
(Moles/l) (counts/min) (counts/min)
0.00076 1499 20000 to 5700
0.000225 4561 18500 to 7700
Although the Cav figures were satisfactorily corrected for the 
adsorbed activity such a correction might have been responsible 
for a systematic error in the evaluation of 1). At all other 
concentrations investigated during the present work, the activity 
adsorbed on the capillary was either small or negligible. Inspite 
of the difficulties outlined above, the measured values of DNa+ 
are within 0.3$ of the limiting law values at and below 0.001 M.
obvious that some attempt must be made to extend the range of the
Onsager limiting lav to somewhat higher concentrations. Once this
is achieved it might become possible to undertake the more
difficult task namely,that of correlating the data which now
exists for electrolyte concentrations of practical interest. Three 
57methods have been employed to extend the range of the Onsager 
equation for conductance to solutions of higher concentrations.
A consideration of these methods should be of help before 
proceeding to make a similar attempt to extend the Onsager limiting 
law for ion-diffusion. Of these, method (i) applies to electro­
lytes for which the measured conductance falls below the limiting 
law values and hence will not be discussed here. Method (il) 
attempts to account for all departures from the limiting law 
values by elaborating the mathematical treatment viz., by 
including higher terms in the mathematical approximations or by 
making allowance for the ‘mean distance of closest approach* of 
ions. Method (ill) is the purely empirical approach namely that
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Theoretical approach, Method II
It is difficult to establish an upper limit for the error intro­
duced by the inevitable approximations involved in the derivation
2of the limiting laws. However, Onsager and Fuoss have estimated 
the effect of the simplifying approximations and suggested that 
it may be represented by addition of two terms. Their modified 
equation is
■(c) Sc + p C log c + t c (31)
This expression contains the constants namely p and X whose 
values have not been evaluated from theoretical considerations.
The method of obtaining the values of {3 and Y  from the available 
conductance data is as follows. After rearranging equation (3l)
F (c) + cd SZ-*(o)
p  logC + T (32)
the constants p and Y  can be evaluated from a plot of the
bracketed expression against log C. represents the value of cC
computed from the correct value of For such a plot p is
the slope and jf is the intercept. Values of p and Y  for a number
57of electrolytes are available in the literature . In an
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endeavour to extend the Onsager limiting law for ion-diffusion,
46Matuura and Shimozawa suggested a similar expression which takes 
to represent the viscosity corrected self-diffusion coeffici­
ent.
Onsager*s expression for the relaxation effect in
conductivity based on the ion atmosphere theory is given on p.74 .
A very significant modification of the theory of relaxation effect
was suggested by Falkenhagen, Leist and Kelbg'"' in 1952. In this
treatment allowance was made for the finite size of ions. In
order to treat the problem of ionic distribution, a function,
slightly different from the Boltzmann distribution, was adopted.
51The use of this new distribution function of Eigen and Wicke'
requires a slight change in the definition of K. However, as
56pointed out by Robinson and Stokes if this difference in the 
definition of K is neglected, Falkenhagen's expression for the 
relaxation effect in conductivity may be abbreviated as
Z\ X 
X
ziV2
36KT
q k
1 + >/q 1 + Ka
(33)
It may be noted that compared to other minor modifications 
proposed by Falkenhagen the factor (l + i<a) has a greater signifi­
cance at moderate concentrations. Thus the following equation
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(Bi A  + B2) / cA°= A + - - - - - - - - -  (34)
1 + (Ba - B, ) - f c
56for 1:1 electrolytes has been found to represent the experime­
ntal conductivity data almost upto 0.1 M b;> choosing suitable
o
values for the parameter a. Significantly enough the value of
is the same for temperatures in the range of 5° to 65°C. For
o oaqueous NaCl at 25 C the values of the parameter a and the
constants B, Bj and Bg in equation (34) are as follows
oa = 4  
B = 0.3286
Bi = 0.2289
Bg = 60.32
Similar formulae based on Falkenhagen*s modifications 
may prove worthwhile in attempts to extend the range of the 
Onsager limiting law for ion-diffusion to moderately concentrated 
solutions. The following equations have been suggested by Prof. 
Stokes^* as possible extensions.
o A &= D --------D 1 + Ka (35)
o a
86
a yc
D = D° - ------------------ (36)
(l+ Ka)(l+ Ka/ s/2.)
47Kaneko derived a conductance equation which reduces
to the Onsager limiting law at infinite dilution. For extending
the limiting equation to more concentrated solutions he suggested
the introduction of a factor of the form (l + K a) into the
denominator of \J 1. This suggestion was renovated more than a
48decade later by Ritson and Hasted who chose appropriate values
ofor the parameter a and demonstrated an excellent agreement with 
experiment.
Gorin has derived a conductance equation in which the 
ionic radii are represented by two constants a+ and a_ • Gorin’s 
equation does not reduce to the Onsager limiting law. However, 
its validity over a considerable range of concentration makes it a 
significant addition. The equation is
F(°) + U -  A + + a+ A _) K
F(c) . ------------ (37)
1 + (a+ + a_)K
The ionic radii estimated from the available conductance data by 
employing equation (37) are listed in the following Table.
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Electrolyte oa+
0a_
HC1 0.945 1.921
KC1 1.978 1.S33
NaCl 2.562 1.937
Li Cl 3.095 1.976
It is interesting to note that the value for a-^ is practically 
independent of the nature of the positive ion.
oA Table of values for the ion size parameter a computed
56 57from a number of equations has been given in the literature 9
56Some values chosen by Robinson and Stokes are given below.
Electrolyte 0a
NaCl 3.97
KC1 3.63
LiCl 4.32
HC1 4.47
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Purely Empirical Extensions, Method III
A critical summary of a large number of purely empirical equations
57has been given by Harned and Owen . Strictly speaking this
method of approach is only of historical significance, Neverthe-
43less, a few equations may be considered here. Shedlovsky has 
suggested the following equation as an extension of the Onsager 
limiting law for conductance.
where B is an empirical constant which incidentally has a value
Conductance of a majority of uni-univalent electrolytes investi­
gated by Shedlovsky could be expressed by the above equation upto 
concentrations of the order of 0.12 M.
An important factor which needs to be taken into account while 
dealing with concentrated electrolyte solutions is their increasing
A° = -----------
1 -  <7C / c
A + I3 /c
(38)BC
close to that of the Onsager constant
Viscosity
52viscosity. Falkenhageri has derived an expression for the
influence of electrostatic forces between ions on the viscosity
of the solution . According to Falkenhagen the contribution of
Generally speaking, extensively hydrated ions like lithium cause 
a large increase in viscosity whereas the relatively unhydrated 
ions have only a small effect. Referring to the discussion on 
p.$^ about Falkenhagen*s expression for conductance, it may be 
added here that the range of validity of this expression is 
greatly extended by introducing the viscosity correction. Attempts 
to apply a viscosity correction to ion-diffusion coefficients
been made earlier in this thesis. Evidently, the viscosity 
correction becomes significant only at appreciable concentrations.
Ifydration of Ions
As the solutions become more concentrated, another factor namely,
the hydration of ions has to be taken into account. In
concentrated solutions some ions may carry with them a permanently
attached sheath of solvent molecules where this sheath may act as
a part of the diffusing body. It is, however, not possible to
assign a single value of the solvation number n to each ion,
since n depends on the accompanying ion. The role played by
hydration in concentrated electrolyte solutions has been
56effectively demonstrated by Robinson and Stokes in their two
9.0
parameter equation for the activity coefficient.
Ionic Size
It is now proposed to test equations 35, 36 and 20 individually 
in order to find out whether any of these could fit the experi­
mental observations in the concentration range where marked
deviations from the Onsager law are observed. The choice of the 
_ ocorrect value of the ion size parameter a which appears in these 
equations is a matter of considerable significance and a word may 
be said about the same.
The subject of ionic size has been reviewed recently 
54by Stern and Amis . They consider the ionic radius as an 
operational concept having a definite value only for a given set 
of experimental conditions. These authors have pointed out that 
the same measurements may give rise to different values for the 
ionic radii depending on the method of calculation. The X-ray 
diffraction method gives the most direct information about 
inter-nucleer distances in solutions. However,studies of this 
nature have been confined to a few concentrated aqueous solutions. 
The results so far obtained by this methods suggest that ionic 
radii in solutions do not differ greatly from those in crystals.
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However, because of the Brownian motion of ions, it is 
very unlikely that when two ions meet,they would always maintain 
the same distance of closest approach. Furthermore, the positive 
ions are in general solvated although to a different degree. 
Therefore the average distance of closest approach might be 
expected to be somewhat greater than the sum of the crystallo­
graphic radii of the bare ions in question,
55Eucken has calculated the ionic radii of a number of 
ions from the conductance and mobility data. His method of calcu­
lation allows the radii of ions in solutions to exceed the corres­
ponding crystallographic radii in size. The following Table 
includes values for some ions.
TABLE 18
EUCKEN’S VALUES FOR IONIC RADII IN 
WATER SOLUTION AT 25°C
Ion Eucken’s value oin A
2.76
2.32
3.40
2.14
2.27
2.28
Crystallographic
measurement
oin A
0.97
1.33
0.70
1.81
1.96
I 2.20
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In the case of NaCl the sum of the crystallographic radii is 
0.9T + 1.81 = 2.78 A. Eucken’s value is 2.76 + 2.14 = 4.90
In testing the aforementioned equations it will be
assumed that the most appropriate value for the ion size
parameter is that which gives the best fit. For the case of
immediate interest namely that of NaCl, one may choose any value
in the range of 2.8 A to 4.9 A. A value of a = 4 for NaCl
56(at all temperatures) has been used successfully in the attempts 
to extend the Onsager limiting law for conductance.
►c
o
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Fig. 15 shows the plot of D v. >/c. By choosing Eucken's value 
oof a = 4.9 for the ion size parameter the equation namely
D  =
A Jc
1 + M
(35)
represents the experimental results upto 0.1 M. Results recorded 
in Table 19 p. 94 show that the values predicted by this equation 
are either (i) within the experimental error or (ii) within 0.3$ 
of the measured values.
X 
IO
 
cm
 /
 s
ec
.
LIMITING LAW
EXTENSION
THIS WORK
FIGURE 15
EXTENSION OF THE ONSAGER LIM ITING LAW: TEST OF EQUATION (3 5 )
Na+ IN N aC l AT 2 5 ° C 
o
a  = 4 .9
- * *  v^ \
LIBRARY
TABLE 19 (cf. Fig. 15)
EXTENSION OF THE ONSAGER LIMITING LAW: TEST OF EQUATION (35)
DNa+ in NaCl at 25°C 
oa = 4.9
D x 10^ cm^/sec
C Observed Calculated by
equation (35)
0.000225^ 1.3346 + 0.0013 1.3298
0.00076 1.3323 + 0.0021 1.3266
0.00102 1.3274 + 0.0017 1.3256
0.0050£ 1.3191 + 0.0001 1.3167
0.01001^ 1.3115 + 0.0001 1.3106
0.0252 1.2971 + 0.0013 1.2999
0.0286 1.2981 + 0.0ÖQ4 1.2982
0.0495 1.2942 + 0.0010 1.2899
0.0575 1.2889 + 0.0017 1.2875
0.097 1.2801 + 0.0019 1.2783
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Fig. I6 shows the test of the equation namely
D oD
a / c
(l +Ka)(l + Ka/ yj)
(36)
The curve drawn through the values (cf. Table 20) predicted by 
this equation approaches the Onsager slope from below'. This 
suggests that the above equation may be useful for the case of 
incompletely dissociated electrolytes.
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FIGURE 16
EXTENSION OF THE ONSAGER LIM ITING LAW: TEST OF EQUATION ( 3 6 )
N a+ IN N aCl AT 2 5 ° C 
o
a  = 4 . 9
--------  LIM ITING LAW
--------  EXTENSION
THIS WORK
TABLE 20 (cf. Fig. 16)
EXTENSION OF THE ONSAGER LIMITING LAW: TEST OF EQUATION (36)
DNa+ in NaCl at 25°C 
oa = 4.9
5 2 /D x 10 cm /sec
C Observed Calculated by
equation (36)
0.000225 1.3346 + 0.0013 1.3283
0.0007J3 1.3323 + 0.0021 1.3241
0.00102 1.3274 + 0.0017 1.3228
0.0050£ 1.3191 0.0001 1.3121
0.01001_ 1.3115 + 0.0001 1.3057
0.0252 1.2971 + 0.0013 1.2957
0.0286 1.2981 + 0.0004 1.2943
0.0495 1.2942 + 0.0010 1.2883
0.0575 1.2889 + 0.0017 1.2866
0.097 1.2801 + 0.0019 1.2817
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The test of Adamson’s equation' namely
I)°rjc 1 - 0.386 A°
o o
(a + /^  ) (l + Ka)
(20)
is illustrated in Fig. }7 which shows the plot of D v. C in 
moles/litre. The values of a chosen for these plots are 4 and 2 
respectively. Significantly enough the theoretical values (cf.£48 
Table 21) show a marked agreement with the measured values below
0.001 M.
X I
o 
cm
/s
1.35
0.04 0.060.02 C M/I.
F I G U R E  17
TEST OF ADAMSON’S EQUATION 
Na+ IN NaCl AT 25°C
TABLE 21 (cf. Fig. 17)
TEST OF ADAMSON* S EQUATION: 
D
DNa+ IN NaCl
„5 2 /x 10 cm /sec
AT 25°C
Calculated by Equation
0 0C Observed With a=2 With a=4
0.000225 1.3346 + 0.0013 1.3334 1.3336
0.00076 1.3323 + 0.0021 1.3330 1.3332
0.00102 1.3274 + 0.0017 1.3315 1.3317
0.00500 1.3191 + 0.0001 1.3266 1.3279
0.01001_ 1.3115 + 0.0001 1.3210 1.3238
0.0252 1.2971 + 0.0013 1.3073 1.3145
0.0286 1.2981 + 0.0004 1.3033 1.3116
0.0495 1.2942 + 0.0010 1.2860 1.3006
0.0575 1.2889 + 0.0017 1.2788 1.2958
0.097 1.2801 + 0.0019 1.2481 1.2767
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The foregoing discussion shows that the Onsager limiting
law for single ion diffusion is valid in the case of very dilute 
solutions. Furthermore, when the ion size correction is incorpo­
rated in the simple limiting expression, a remarkable agreement 
with experiment is observed even in the dilute region. For the
self-diffusion of sodium ion a value of 4.9 A for the ion size 
parameter is found to give the best fit. Evidently this correction 
takes into account the size of the diffusing ion as well as that 
of the ions of the supporting electrolyte.
system the ion size correction may take into account the size of 
either (i) the diffusing ion or (ii) that of the ions of the 
supporting electrolyte. An investigation of the tracer-diffusion 
of Na+ in solutions of KC1 and LiCl or that of I in NaCl, KC1 
and LiCl in the dilute region, should be of great help in the 
elucidation of the above problem.
o
A somewhat different situation would arise when one
considers the tracer-diffusion of say Na+ in KCl. In such a
SUMMARY
A new method which enables precision measurement of 
single ion diffusion coefficients has been developed. It involves 
a modification of the open-ended capillary tube method and 
consists in continuously recording the activity in the capillary 
enclosed in a scintillator. The precision of this method is of 
the order of 0.18$ or better in the value of the diffusion coeffi­
cient.
The new apparatus was calibrated with reference to 
Mills' data for DNa+ in NaCl solutions. Attempts were also made 
to calibrate the apparatus with reference to two other systems 
viz., the tracer-diffusion of I in KC1 or NaCl solutions investi­
gated by Stokes, Woolf and Mills.
With the calibrated apparatus an experimental test of 
the Onsager limiting law for single ion diffusion has been made. 
For this purpose, the self-diffusion coefficients of Na+ in NaCl 
at 25°C were measured at ten different concentrations within the 
range of 0.000225 M to 0.1 M. The theoretical values at and below
100
0.001 M were found to be either (i) within the experimental error 
or (ii) within 0.3$ of the measured values. The smooth curve 
drawn through the experimental points approaches the limiting 
slope asymptotically from above, thus justifying the ideas expre­
ssed by Onsager. The limiting value obtained in the present work 
is within 0.23$ of the Nernst limiting value.
An attempt has been made to extend the range of validity
of the limiting expression by incorporating the ion size correction
in the same. Thus, on replacing v/*C of the limiting law by
v/^C/l + Ka and by choosing Eucken*s value of 4.9 for the parameter 
oa, an excellent agreement with experiment is observed almost over 
the entire range of concentrations investigated during the present
work.
APPENDIX
DERIVATION OF THE EQUATION FOR THE RADIATION DETECTION 
EFFICIENCY OF A CYLINDRICAL SCINTILLATOR
The derivation is based on the evaluation of a quantity 
r which represents the average path length through the 
scintillator material encountered by the radiation emitted at a 
point P along the z—axis of the cylindrical scintillator. The 
quantity r is expressed in terms of the scintillator dimensions
the point P to the various surfaces sj, S£> S3 shown in Fig, 1 $5
Let the cylindrical coordinates of a point be (z, P , 8 ) 
related to the Cartesian coordinates of the point by equations
x « f> cosÖ, y = P sin0 and z = z
by integrating over all solid the path lengths from
Also let * a* be the radius and 2b the height of the scintillator 
The mean distance from a point P (h,c,o) to the surface is given
2Q
FIGURE 18
EFFICIENCY OF A CYLINDRICAL SCINTILLATOR
cf. APPENDIX p.IO£
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J r d ß rdf?
Sl +S2+S3
d r
s l + s2+s 3
(X)
E lem en t  d Q ^  ( o f  t h e  s o l i d  a n g l e )  c o r r e s p o n d i n g  t o  d s Q on t h e  
s u r f a c e  S£ a t  a  p o i n t  ( z , a , d )  i s
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dft. corresponding to dso on So at (-b, P , 0) is
d fi.
ds3 sin p • pd?d0(b+h) (IV)
where r = ^/(b+h)^ + />2
( ß* corresponding to surface S3 is not shown in the figure)
Therefore
rZTTrb 2 / dzd0
a2+(z-h)2
+ (b-h)
riff
? dr*d0
L  b
(b-h)2+P2
r =
'2fT r b
dzd0 + (b-h)
0 J~b ia2+(z-h)2 1
3/2
r2TTr
Jo J
? df'd0
I(b-h)2+P2
3/2
(b+h)
riff r CC
t dpd0
(b+h)2+/2
JO 0
(V)
(b+h) /» dfde
J,. . v2 ,8 l 3/2|(b+h) +P Jo
P 
|M.
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